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Research described in this dissertation expands the use of a biomechanical 
phenomenological model to a commercially available pneumatic muscle actuator (PMA).  
Due to the nonlinearities of the device, achieving accurate control is challenging.  
Experiments have been conducted that define boundaries of operation where linear 
approximations can be used to describe the dynamics of the PMA.  Empirical data 
presented in this dissertation show that nonlinearities exist more prevalently at higher 
loads (on average >70% contractile force value).  When the PMA is under high loads, 
low displacement occurs. Therefore, these regions are of less interest to design engineers.  
Once conditions of nonlinearities were defined, operational areas of interest were 
characterized.   
Open-loop linear systems analysis utilized the characterization profiles for the 
PMA in combination with a model for the D.C. servo motor to develop a system transfer 
function describing the dynamics of the overall plant.  A Tustin (bilinear) transform was 
applied to the transfer function to generate a discrete time recursion equation.  This 
equation describes the interaction of the PMA and the D.C. servo motor.  It was then used 
to generate motor voltage profiles to demonstrate various tasks on the system. 
Finally, this dissertation describes a new concept of using PMAs as an antagonist 
in a resistive training device.  One such application is in a microgravity environment 
(prolonged space flight).  The characterization analysis presents a method to demonstrate 
 v 
this task on the Dynamic Test Station (DTS).  In this demonstration the PMA acts as an 
antagonist generating a resistive load, which the D.C. servo motor, representing the 
human operator, works against.  A 90
o
 isokinetic (constant velocity) rotation of the D.C. 
servo motor pulley is achieved at eight PMA pressures each of which generates a 
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1.0 INTRODUCTION AND BACKGROUND 
 
1.1 Overview of the Problem 
Innate advantages of pneumatic muscle actuators (PMAs) over traditional forms 
of actuation make them favorable for multiple applications especially in devices used 
around humans.  PMAs originated in the 1950s as driving units for upper extremity 
orthotic devices, but were shortly replaced with electric motors due to position control 
challenges (1).  About thirty years later renewed interest in PMAs surfaced due to their 
force generating capability (2).
  
Since this time they have been used in a wide variety of 
high force tasks, yet lack accurate position control.  Along with their ability to generate 
high forces, they exhibit inherent safety features previously termed “soft actuation” 
which allow them to be used around humans without posing additional safety risks that 
come with the use of other actuators (3). While these advantages summarize the appeal to 
incorporate PMAs in various systems, the nonlinear behavior of operation, resulting from 
their peripheral expansion and compliancy issues, cause difficulty in control.  
 The lack of an accurate mathematical model of PMA motion contributes to this 
control challenge.  While several researchers have made strides to develop an accurate 
model, most lack the repeatable accuracy required for long term control systems.  Most 
modeling research has only focused on PMAs built in-house, which makes results 
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challenging to replicate, and creates the need for modeling research on commercially 
available PMAs.   
 
1.2 Background and Review of Literature 
 
1.2.1 Pneumatic Muscle Actuators Overview 
 
1.2.1.1 Basic Operation 
Pneumatic muscle actuators capable of generating high forces have applications in 
many areas, but are of particular interest in human interactive and industrial 
environments.  When used around humans, many actuators pose safety risks.  However 
due to their soft failure characteristics, PMAs eliminate many of these risks and are 
therefore applicable in many areas including robotics (2,3),
 
medical devices (both 
rehabilitation devices and orthoses) (4,5,6,7,8)
 
 and industrial settings (9,10,11).
  
On the 
industrial side, these devices are especially applicable because they don’t have pistons or 
guiding rods as in other pneumatic actuators, and can therefore be utilized in harsh 
environments. (10,11)  
A pneumatic muscle actuator is a mechanical device that mimics the behavior of 
biological muscle with pressure acting as the activation parameter.  Traditionally, PMAs 
are constructed from an inner rubber bladder surrounded by a high strength fiber shell.  
The inner chamber is sealed at one end and has a gas inlet/outlet at the other end.  The 
outer braided shell is required for structural support of the PMA.  In recent years 
improvements in the construction of the PMA have resulted in improved durability and 
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robustness.  The PMA tested in the experiments described in this dissertation is 
constructed from a composite material where the fiber shell is embedded in a rubber 
matrix.  In general, as the device is pressurized, the volume of gas inside the chamber 
increases, and the inner bladder expands in a radial direction.  Due to this pressurization 
and the braiding of the fiber sheath, the PMA contracts or shortens creating a force in the 
longitudinal direction.  This basic operation is shown in Figure 1. 
 
 
Figure 1. Basic Operation of a Pneumatic Muscle Actuator 
 
1.2.1.2 Comparison of Actuators 
An actuator is a mechanical device that converts different types of energy to 
mechanical form, generating force, torque or motion (3,12). 
 
One reason for the continued 
interest in pneumatic muscle actuator modeling and control is its advantages over other 
sources of actuation.  Commonly used sources of actuation include electric motors, 




The most commonly used actuator is an electric motor.  Due to advancements in 
electronics and available power sources, this type of actuator is useful for tasks that 
require accurate control of position and velocity, and also tends to be relatively low cost 
and quiet during operation.  On the downside, electric actuators have lower power/weight 
and power/torque ratios compared to other forms of actuation, and also pose addition 
safety risks from possible sparking (2,3). 
Another popular form of actuation is provided from hydraulic cylinders.  These 
actuators are commonly used in high power systems and are capable of providing high 
power/weight ratios due to the ability to achieve high ratings of oil pressurization (2).
 
 
Originally, this form of actuation was challenging to use, however improved servo valve 
designs have somewhat alleviated this problem over past years.  Drawbacks to this form 
of actuation are higher cost, less accuracy, more maintenance and additional noise 
compared to other actuators (2, 13). 
 
Hydraulic actuators also pose the safety risks 
associated with leaking oil.  This problem has prevented the widespread use of this form 
of actuation in indoor applications (14).
 
 
Pneumatic cylinders are another form of actuation which are typically lower cost 
and have quick response times, but have control issues and are commonly noisy (3).  In 
comparison to this form of actuation, pneumatic muscle actuators have been cited as 
capable of producing almost three times the force of pneumatic cylinder actuators with 
the same volume, operating at equivalent pressures (15).  Another advantage of 
pneumatic muscle actuators over traditional pneumatic cylinder actuators is the lack of 
pistons or guiding rods in their design which allows for ease of use in industrial 




Overall, the main advantages of pneumatic muscle actuators over alternative 
forms of actuation include their high power-to-weight and power-to-volume ratios and 




1.2.1.3 Comparison of PMAs to Biological Muscle 
A comparison of pneumatic muscle actuators to biological muscle helps to 
demonstrate the importance of exploring this form of technology.  While the microscopic 
features of biological muscle can not be reproduced in technology, a general replication 
of the macroscopic functionality is possible in the form of biomimetic actuators, one of 
which is a PMA (17).  A general analogy can be made between biological muscle and 
PMAs because in both cases, force is generated via activation resulting in contraction and 
dynamic behavior of force and position control is nonlinear (16). 
 
Additional similarities 
between the two include a maximum displacement of 35% the resting length, capability 
to function in water and the means to operate as part of an antagonist pair (9).  
Advantages of PMA over biological muscle include a force generating capability of more 
than 5 times that of biological muscle and a power-to-weight ratio more than 10 times 
greater.  On the contrary biological muscle operates with greater efficiency, responds 
more quickly and has more accurate control than that of a PMA (9).  While the 
microscopic actions of biological muscle can not be replicated, when looking at possible 
alternatives to operate biomedical devices, the characteristics of PMAs make them a 
strong candidate.  
 A comparison between pneumatic muscle actuators and cardiac muscle can be 
made, where the activation-contraction process of the pneumatic muscle actuator is an 
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inverse of the activation-contraction process of cardiac muscle.  In PMAs internal 
pressure produces contraction whereas in cardiac muscle, wall contraction due to muscle 




1.2.1.4 Commercially Available Pneumatic Muscle Actuators 
Commercially available industrial PMAs capable of generating high forces date 
back to the early 1980s.  To date three companies have brought to market their form of 
PMAs: Bridgestone (Japan), Shadow Robot Company (UK) and Festo Corporation 
(Germany).   
Bridgestone first marketed a pneumatic muscle actuator, referred to as a 
Rubbertuator in the 1980s.
 
While the structure was modeled after the McKibben muscle, 
the materials were chosen for improved robustness and performance (2).  This industrial 
PMA was used to control the limbs of robots in basic fixed order tasks.  Bridgestone 
produced two multi-joint robots that used these PMAs: a horizontal robot known as 
RASC and a suspended robot known as SoftArm
 
(2).  Additional researchers have studied 
the SoftArm Robot because of its safer, more compliant behavior.  In some experiments 
neural-network based controllers were shown to provide more accurate control of the 
SoftArm than the recommended PID controllers (19, 20). 
More recently, Shadow Robot Company developed another form of PMA known 
as Air Muscles.  This product is lightweight and is capable of generating power-to-weight 
ratios around 400:1.  The basic design includes a rubber inner tube encased in a plastic 
woven shell.  The largest model exhibits a resting internal tube diameter of 30 mm (1.18 
in) and can generate forces up to 687 N (154 lb) at its maximum rated pressure of 350 
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kPa (50.9 psi).  Various sizes of these PMAs have been developed by Shadow Robot 
Company and are still available on the market today
 
(21).  One of the newest and most 
advanced systems utilizing these PMAs is a robotic hand that mimics the actions of a 
human hand.  Built with 36 PMAs, it is capable of making over 25 distinct movements 
and contains over 100 touch sensors (22).
 
 
 Festo Corporation markets a line of PMAs known as Fluidic Muscles which are 
available in three sizes with internal resting diameters of 10 mm (0.39 in), 20 mm (0.79 
in) and 40 mm (1.57 in) (23).  These PMAs are constructed from a rubber tube encased 
by rhomboidal patterned high strength fibers.
  
The largest PMA is capable of lifting 6000 
N (1350 lb) at its maximum pressure of 600 kPa (87.2 psi) (23).  Against minimal 
loading, the PMA is capable of a maximum contraction equivalent to 25% of the resting 
length of the actuator.  These PMAs have applications in multiple areas including 
industrial paper punches, assembly tables, presses, lifting equipment and medical 
equipment (10,11). 
 
In the area of robotics, a joint effort between Festo and the Technical 
University of Berlin (24) produced a bionic upper body which was capable of managing 
complex movements.  A study conducted in 2002 (15) compared the maximum force 
generated from a Festo PMA to a pneumatic cylinder of equal volume.  Their results 
include a comparison at a pressure of 600 kPa (87.2 psi) in which the PMA produced 
almost three times the amount force of the pneumatic cylinder actuator. 
 
1.2.2 Overview of PMA Modeling Techniques 
 Several forms of models have been applied to describe the behavior of pneumatic 
muscle actuators.  The original method of modeling was based on the geometry of the 
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PMA.  The primary limitation of a geometric model is that the parameters of the model 
can not be easily measured during actuation.  Therefore, it is beneficial for mechanical 
design, but not very useful in the prediction of the dynamic behavior of the PMA.  More 
recently, researchers have utilized finite element models which can be used to simulate 
PMA behavior in the design process of applications utilizing PMAs.  Again this helpful 
in the design phase but has not been utilized as part of a control system.  Another method 
applied to PMAs is known as biomimetic modeling.  This method attempts to apply 
models from biological muscle to PMAs.  The final modeling method discussed is 
phenomenological models. 
 
1.2.2.1 Geometric Modeling 
Pneumatic muscle actuators, occasionally termed McKibben muscles, were first 
employed by Joseph McKibben in the 1950s as a means to operate orthotic devices for 
upper extremities.  At this time pneumatic muscle actuators consisted of an internal 
rubber chamber with an outer supportive shell either formed from double helically wound 
fibers or axially arranged fibers.  While both shells were in existence, the double helix 
shell appeared to be more popular, even though the axially aligned fibers have been noted 
as more mechanically efficient (25).  Although it was never published by McKibben, he 
has been quoted by others as the original developer for the force equation provided in Eq. 














F   (1) 
 
In Eq. (1), F is tension, D is the tube diameter when α=90
o
, α is the angle between the 




 Baldwin investigates the axially aligned fiber shelled PMAs because theoretically, 
infinite force generation was possible at the initial stages of contraction with an internal 
finite pressure.  This fact results in a high mechanical efficiency for the device. 
McKibben has been cited as dealing with trials of finite contractive forces (Do = 0), and 
Baldwin expanded this theoretical development for nonzero internal bladder diameters 
(25). 
Schultz studied the double helix model and modified McKibben’s original force 
theoretical relationship to include considerations of tube elasticity and inner friction (26). 
 
This equation is the following. 
 






















−−+−=   (2) 
 
In Eq. (2), F is tension, D is the tube diameter when α =90
o
 , α is the angle between the 
helical fiber element length and the longitudinal axis of the actuator, P is internal bladder 
pressure, ke is the elastic constant for the inner tube, L is the actuator length, Do  is the 
resting diameter of the tube, us is the friction coefficient shell fibers, ust is the friction 
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coefficient between the sheath and inner tube, Pc =P- Pi and Pi is the required pressure to 
achieve an unconstrained tube diameter equal to that of the actuator diameter.  
Difficulties noted with Eq. (2) include the dependence on a changing α, the nonlinearities 
of ke, us and ust, and the experimental determination of the model parameters.  This model 
was recommended for use in the mechanical design of the actuator to provide guidance as 




 Another modification to the general tension-length relationship developed by 
McKibben was generated by Chou and Hannaford.  In this model an effect due to the 


























    (3) 
 
In Eq. (3), F is tension, D is the tube diameter when α =90
o
, α is the angle between the 
helical fiber element length and the longitudinal axis of the actuator, P is internal bladder 
pressure and tk is the thickness of the shell and bladder.  This additional term adds 
accuracy at the cost of a more complex model (27).
 
 
 Another variation of this force model was developed by Caldwell and colleagues 
which includes consideration of the end-cap surface area to account for variation in 
minimized force generating capability when the PMA is close to its maximum length. 
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In Eq. (4), F is the tension, P is pressure, h is the helical fiber length, B is the number of 
trapezoids of the muscle braid, α is the braid angle, D is the maximum muscle diameter 
determined theoretically and Dcap is the diameter of the muscle cap.  The effects 
characterized in this model were demonstrated in simulation experiments (9).  
 Tondu and Lopez developed a geometric model similar to ones described by other 
researchers, (9,26,27)
 
but includes the addition of an empirical constant to account for 
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In Eq. (5) Do is the initial diameter, αo is the initial weave angle, k is a constant 
accounting for end deformation and P is internal muscle pressure.  Static experiments 
showed that this model lacks to capture the low pressure force loss resulting from the 
interaction at the bladder and outer weave interface and the hysteresis resulting from 
internal weave friction (1).
 
 
 Other researchers have made attempts to incorporate the material properties of the 
PMA in the original theoretical model for the force generation of the PMA.  Klute and 
Hannaford found that force predictions improved with the use of a Mooney-Rivlin 
incompressible model for the geometry of the internal bladder (28). 
 Additional geometric based equations were developed by Inoue to describe the 
motion generated by two Rubbertuators acting as a pair.  Equations were developed to 
describe the contraction forces of each individual Rubbertuator, the contraction rates of 
the Rubbertuators, and the torque generated on the pulley.  These relationships along with 
the geometry of the system were used in the development of Eq. (6), a second order 
equation of motion for the system. 
 
PKKCJ ∆=++ 21θθθ
&&&        (6) 
 
In Eq. (6), J is the moment of inertia, C is the viscosity coefficient, K1 is the proportional 
constant to Po, K2 is the proportional constant to ∆P, Po is initial pressure, ∆P is change in 
pressure and θ is the rotation around the pulley.  With the inclusion of the K1θ term in Eq. 
(6), open loop control was possible based on the change in pressure.  While precise 
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results were challenging to obtain, open loop control was sufficient for tasks not 
demanding accurate position control (28).
 
 
 Other researchers have made attempts at modeling PMAs with the use of finite 
element analysis (FEA).  Finite element analysis is a numerical method used to model 
mechanical structures. While each finite element model begins with a geometric model of 
the PMA, this form of modeling accounts for various material properties and boundary 
conditions.  Finite element approaches can be very useful for simulation in computer-
assisted design processes (28). 
In 2003, Bertetto and Ruggiu analyzed the applicability of finite element analysis 
with two forms of a PMA: a McKibben muscle and a straight fiber muscle.  In this study 
FEA models were constructed in the finite element analysis software, ANSYS, Inc. 
(Canonsburg, PA) to find the non-linearity of the tubing material and the load transfer 
mechanism between the muscle and cables.  The finite element model was constructed 
based on the Mooney-Rivilin’s energy function.  Due to the cylindrical nature of the 
PMA, symmetry allowed for a partial model of the PMA to be used, decreasing 
computation time.  Because of the differences in the shells of the muscles, the model for 
the McKibben muscle consisted of 4856 nodes (3400 elements) whereas the straight 
fiber muscle model only had 400 nodes (270 elements).  The pull force/contraction 
ratios of the FEA simulations were then compared to that found experimentally.  A 
reasonable comparison was found, however additional dynamic tests would be required 
for more characterization of both muscles (30). 
Zhou and coworkers later developed a finite element model utilizing virtual work 
and Lagrange formulation methods.  This model was analyzed in a finite element 
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program developed for simulation purposes of airdrop (parachute) systems.  The 
inextensible, geometrically nonlinear theory was used in the construction of the model 
because the fibers exhibit high stiffness resulting in the assumption of inextensible fibers 
for the construction of a two-node element.  Verification problems were conducted to 
test predicted PMA displacement, predicted PMA force and to investigate the 
relationship between length change and fiber angle.  The researchers in this study state 
that the force and displacement validation comparisons between analytical and 
numerical results were excellent with the use of this model (31).
 
 
Another attempt to predict the nonlinear behavior of a PMA system using FEA 
was made by Zhang and colleagues.  Their study described the development and 
utilization of a three dimensional geometric model employing nonlinear anisotropic 
membrane elements, which have material properties based on the outer braided fibers of 
the PMA.  A quasi-static model validation was conducted based on the implementation 
of this three dimensional model in a finite element code.  The overall goal of this 
research was to accurately simulate the behavior of the PMA in parachute control 
systems.  This study provides reasonable results for this specialized purpose, and 




1.2.2.2 Biomimetic Modeling 
 Biomimetic is a term referring to the applicability of natural phenomenon 
characteristics to real world technology.  Pneumatic muscle actuators have been noted by 
some researchers as a biomimetic actuator because of the flexible and soft actuating 
mannerisms similar to that of biological muscle (16,17). 
 
Due to the similarities between 
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PMAs and biological muscle, some effort in modeling PMAs should include an 
investigation of biomimetic models of biological muscle.   
Two models of interest include an energetic-viscoelastic model inspired by the 
A.V. Hill model which describes the isometric force twitch contraction of skeletal muscle 




In 2006, a study by Repperger et al. used knowledge obtained from biomimetic 
models for skeletal muscle to design and control of a pneumatic muscle actuator 
emulating the force generating behavior of skeletal muscle (36).  
 
1.2.2.3 Phenomenological Modeling 
Due to the limitations of the geometric models, whose parameters can only be 
measured in the static state, researchers began to look for other models that could 
reasonably capture the dynamic behavior of the PMA during actuation.  One 
phenomenological model is a parallel configuration of a spring element, viscous element 
and coulomb friction element (37).
  
Another model is a parallel configuration of a spring 
element, damping element and contractile force element (38,39).   
The first model was developed for use in the dynamic description of PMA 
behavior by Robb Colbrunn and colleagues.  It consists of a spring, viscous damper and 
Coulomb friction element arranged in parallel.  The nonlinear force-length relationship 
property is captured by the spring element.  The system’s fluid flow losses are 
represented by the viscous damper.  The effects of friction between the internal bladder 
and the outer shell are modeled by the coulomb friction element.  In verification tests this 
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model showed potential for reasonably predicting the dynamic behavior of the pneumatic 
muscle actuator (37). 
Another dynamic model for the position tracking of pneumatic muscle actuators 
was constructed by Repperger et al.  In this study the PMA was characterized by using a 
stiffness-visco model consisting of a spring element, damping element and contractile 
force element arranged in parallel.  The spring coefficient was found as a function of 
PMA position and the damping coefficient as a function of PMA velocity (38). 
Improvements were made to this phenomenological model by Reynolds et al. in 
2003.  This set of experiments was conducted on a PMA built in-house with the use of a 
vertically aligned test system at Wright Patterson Air Force Base.  Empirical data 
collected on this system was used to construct pressure dependent profiles for the 
phenomenological model coefficient.  Validation tests showed reasonable accuracy in the 
dynamic prediction of the PMA behavior with this model (39). 
 
1.2.3 PMA Applications 
Pneumatic muscle actuators were originally developed for low force prosthetic 
applications.  While their use was shortly replaced by electric motors, due to difficult 
control and unpractical gas supply tanks required for the PMA, interest in PMAs 
resurfaced in the 1980s for use in robotics (1,26). 
 
This renewed interest was sparked by 
the force generating capability of PMAs along with the fact that they were considered as 




1.2.3.1 Low Force Applications 
The original application for PMAs was to supply movement capabilities to 
orthotic devices for the upper extremities.  While the PMA served its purpose in this 
application, it was replaced due to the ease of use of an electric motor (1,26).
  
Other 
sources cite the use of PMAs in finger-driven flexor-hinge splints as well as functional 
arm bracing (40).
  
Between the years of 1958 to 1962 at Rancho Los Amigos Hospital, 
over sixty patients received some form of artificial assistance from PMAs for their hands 
(40). 
 
 1.2.3.2 High Force Applications 
While PMAs were originally recognized for their inherent safety features, simple 
design and basic operation, it did not take long for researchers to recognize the force 
generating capability of this form of actuation.  These characteristics along with the basic 
components and compliant behavior of the PMA are the primary reasons for the 
enhanced use of PMAs in high force applications.  These include use in the following 
fields: industrial workstations, robotics, rehabilitation devices and parachute landing 
devices (1,8,26,30,31,32).  To date, most functioning systems utilizing PMAs fall in the 
industrial category where they are used to generate forces in tasks that do not require 
accurate position control.  However, due to their safety characteristics, research is 
increasingly investigating potential modeling schemes to develop more accurate control 
systems, to improve applicability in biomedical and aerospace domains.  
A study conducted by Noritsugu and Tanaka investigated the use of a two degree 
of freedom robot for functional recovery therapy of the arm.  The following four motion 
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modes based on impedance control strategies were defined for this application: isometric 
mode, isokinetic mode with a passive patient, isokinetic mode with an active patient and 
isotonic mode.  While this study focused on the point that PMAs can be a safe form of 
actuation in rehabilitation robots, further medical analysis of this form of therapy would 
be required (8).  
PMAs have also been proposed for use in augmented orthotic devices.  Due to the 
high force generating capabilities of PMAs, they are ideal for this type of application.  A 
simulation was conducted where a PMA functioned as a form of assistance to the human 
operator for a physical therapy knee extension task.  Various feedback control systems 
were evaluated for this application including moment/force feedback, position feedback, 
moment/force and position combination feedback, and adaptive control feedback.  
Results indicate that moment/force and adaptive control feedback provide the best control 
for the system. (5) 
Another area where PMAs have been used in a physical therapy application is in 
gait rehabilitation to power ankle-foot orthoses.  The particular interest of PMA use in 
this application is to provide active plantar flexor torque during human gait (4,7).
 
 
In industrial workplaces pneumatic muscle actuators are used to provide 
movement close to 25 % of the nominal length of the actuator.  A company in Germany 
recently replaced the traditional cylinder actuators in their paper punches with pneumatic 
muscle actuators resulting in a 40% improvement in productivity (10).  PMAs have found 
applications in other industrial areas including a bending machine’s turntables for 
automotive door panel production, as static support for a railroad toe manufacturing 
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machine and as the supplier of lifting motion for a glass jewelry case display.  Each of 
these applications utilizes commercially available Fluidic Muscles from Festo (11).   
Another industrial application, described in study by Caldwell et al., was focused 
on a prototype rig which made use of PMAs at a radioactive material retrieval site.  The 
primary reason for PMA applicability for this purpose was the capability of the PMAs to 
handle the weight of the radioactive material being moved (41).
 
 
In parachutes pneumatic muscle actuators are used in both the soft landing 
devices and the steering systems.  In the landing system, PMAs act as a retraction device 
which reduces the velocity of the load just before impact.  For steering purposes, the 
PMAs act as risers, and with the commanded contraction of a particular actuator, the 




1.2.4 Physiological Effects of Long-Term Spaceflight 
Space-related bone and muscle loss along with aerobic deconditioning are of 
primary concern during extensive flights in microgravity environments (42,43).  Bone 
and muscle loss result from the lack of gravity-related loading (42). While 
countermeasures are in place to reduce these losses, none fully negate the problem.  A 
dominant countermeasure is a prescribed in flight exercise program for the astronaut, 
typically utilizing resistive training devices and in long duration flight treadmills.  While 
resistive devices are used to increase loading during these exercises, the body still 
undergoes a lower loading than it would when completing a similar exercise on Earth 
(44).  Post-mission rehabilitation can help astronauts to regain bone and muscle loss, 
however past studies have shown that bone loss may never be fully restored (45). 
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Therefore, some exercise is necessary during spaceflight and even though muscle loss 
can be regained, exercises to battle bone loss can be performed in a manner that also 
reduces muscle loss (42). 
The form of muscle atrophy that occurs most in space is disuse atrophy, resulting 
from the lack of use. To prevent this, past animal and human bed rest studies suggest that 
a few repetitions of high load resistive tasks throughout the day in combination with 
passive stretching and isometric contractions exercises prove to be more efficient than a 
daily long-duration session with high repetition of lower loads (46).   
 
 1.2.5.1 Current Countermeasures: Exercise 
Currently, astronauts exercise on treadmills and resistive training devices.  
Researchers at NASA Glenn Research Center are currently working on a four year 
project to define loading and rate of loading levels of these devices so exercise 
prescriptions can be more accurately prescribed (47).  These researchers are using a 
Standalone Zero Gravity Locomotion Simulator (sZLS) as a method to represent 
weightless exercise (43).  Bed rest studies will be used to evaluate the sZLS (47).  When 
exercising on a treadmill, astronauts use elastic straps to generate some body weight to 
work against, however it is not equivalent loading to a one-G environment.  For 
cardiovascular assessments, a lower body negative pressure chamber in combination with 
electromyostimulation can be used (48).  This device is a chamber containing a treadmill 
which utilizes negative pressure to develop body weight and is effective because it re-
generates the blood pressure gradient (49).  One example of the resistive training devices 
currently used is an Interim Resistive Exercise Device (IRED).  This device is capable of 
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producing 1330 N (300 lb) for an astronaut to work against.  In addition to the IRED a 
pneumatic, gravity independent leg press device has been more recently investigated.  
Literature suggests that this device focuses more loading on antigravity compartments in 
the legs than on non-antigravity compartments (50). 
 
 1.2.5.2 Current Countermeasures: Passive Stretching 
In addition to exercise prescriptions, passive stretching has also proven somewhat 
effective in battling muscle loss.  A device known as the Penguin Suit was developed at 
the Russian Center for Aeronautical and Space Medicine in the late 1960s to promote this 
form of training (42,48,51).  The Penguin Suit promotes passive stretching by 
incorporating adjustable elastic elements.  Loading of 15-40 kg (3.37-8.99 lb) can be 
applied to the long axis of the body.  Additional adjustments can also position joints and 
limbs in a stretched position (42,51).   
 
 1.2.5.3 Current Countermeasures: Nutritional Supplements 
Aside from excise prescriptions and passive stretching methods, other nutritional 
countermeasures are taken to reduce the effects of microgravity.  Pharmacologic 
measures included medication for motion sickness and sleep along with a variety of 
dietary supplements (48).  Nutritional supplements such as amino acids are used and 
typically cause minimal side effects.  Additional antioxidant supplements have also been 




1.3  Research Goals and Objectives 
 
1.3.1 Research Goals 
This dissertation describes research achieving four main goals: (1) update a PMA 
Dynamic Test Station (DTS) such that dynamic data can be collected, (2) develop 
mathematical relationships to describe the dynamics of a commercially available PMA, 
(3) develop mathematical relationships to describe the interaction between the PMA and 
D.C. servo motor and (4) utilize both the DTS and the characterization profiles in a 
demonstration of a proof-of-concept for a resistive exercise application.   
 
1.3.2 Research Objectives 
 
1.3.2.2 Objective 1 
 Past research has been conducted on a PMA DTS located in the Bioengineering 
Laboratory at Wright State University (52,53).  The capabilities of the system were 
limited by the following: operating code did not allow for the user to input time 
dependent profiles, accurate control of the motor was not achieved and there was no 
method to collect the dynamic data from the sensors of the system.  These limitations 
resulted in the need to overhaul the original system to suit the current research objectives. 
 
1.3.2.3 Objective 2 
The inherent advantages of pneumatic muscle actuators (PMAs) over traditional 
actuators create a need for an accurate mathematical model of its dynamic properties.  If 
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an accurate mathematical model can describe the dynamic characteristics of pneumatic 
muscle actuators, they may be more easily controlled and can therefore be utilized for 
more applications.  Previous studies have suggested that a three-element 
phenomenological model accurately predicts the dynamics of a PMA built in-house (39). 
This model is a parallel configuration of a spring element, damping element and 
contractile force element.  Research described in this dissertation applies this 
phenomenological model to a commercially available PMA and also introduces the effect 
of loading on the dynamics of the PMA, to more clearly define an operational region 
where linear approximations accurately predict model parameters.   
 
1.3.2.4 Objective 3 
The next phase of research is focused on characterizing the overall DTS.  A 
transfer function is developed to describe the interaction of two dynamic systems in 
cascade: PMA and D.C. servo motor.  A Tustin (bilinear) transform of the transfer 
function generates a discrete time recursion equation.  Once model parameters are 
optimized this mathematical relationship can be used to demonstrate the use of the PMA 
in rehabilitation tasks. 
 
1.3.2.5 Objective 4 
The final phase of research described in this dissertation presents a proof-of-
concept for the application of PMAs in a resistive training exercise device.  An example 
of a potential application is in a microgravity environment.  A simulation is presented on 
the DTS where the PMA acts as an antagonist (generating a resistive load) for the D.C. 
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servo motor (representing the human operator) to work against demonstrating an 


























2.0 PMA Dynamic Test Station 
 
The PMA Dynamic Test Station (DST) in the Bioengineering Laboratory at 
Wright State University was originally constructed in 2003 (53).  While most of the basic 
components of the system stayed the same, some updates were required for the system to 
be satisfactory for the research objectives described in this dissertation.  The electrical 
system and operating code of the DTS required updating because the system could only 
collect static data from the sensors.  Also, the motor needed replaced due to the loading 
requirements of this research.  Finally, the PMA was replaced because the original model 
was not designed for use as a sole actuator and therefore some nitrogen leakage existed. 
Throughout the process of updating the DTS, there was a need for 3D models of the 
mechanical components that were used in meetings with personnel from both the 
Instrument Shop and Electronics Shop that aided in the system upgrade.  These models 
were created in SolidWorks
TM
 (SolidWorks Corporation, Concord, MA) and are provided 
in Appendix G.  Figure 2 provides a schematic of the DTS.  Figure 3 provides a 
photograph of the DTS.  A user manual was constructed describing the general 
procedures required for running experiments on the system and also contains the 
procedure steps for reconfiguring the D.C. servo motor driver.  This manual is provided 






































Figure 3. Photograph of the Dynamic Test Station 
 
2.1 Mechanical System 
The DTS contains the following mechanical components: linear variable 
differential transducer (LVDT), pressure transducer (PT), load cell (LC), Festo Fluidic 
muscle, D.C. servo motor with a rotational potentiometer and proportional pressure 
regulator (PPR).  The D.C. servo motor and proportional pressure regulator are controlled 
by user-defined time-dependent voltage profiles.  The LVDT, load cell, rotational 
potentiometer and pressure transducer are all sensors that collect dynamic data from the 
system during actuation. The data is transferred and stored in Excel
TM
.  All components 
were calibrated to ensure accuracy.  These equations are presented in Table 1.  The 
methods of calibration are described in each subsection. 
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Table 1. Summary of Calibration Equations 
Component Calibration Equation 
DC Servo Motor (Gain 1 A/V) Load [N]=82.6*Voltage[V]-18.1 
DC Servo Motor (Gain 2 A/V) Load [N]=163*Voltage[V]-11.6 
Proportional Pressure Regulator Pressure[Bar]=0.599*Voltage[V]-0.204 
Linear Variable Differential Transducer Voltage[V]=0.0979*Displacement[mm]-0.881 
Load Cell Voltage[V]=0.0041*Load[N]+0.0347 
Pressure Transducer Voltage[V]=1.02*Pressure[Bar]+0.027 





2.1.1.1 Linear Variable Differential Transducer 
The linear variable differential transducer (LVDT) (Honeywell-Sensotec, 
Columbus, OH, model: JEC-060-G317-03) is the main sensor of interest in the DTS.  
This sensor collects detailed PMA displacement data.  It was used in the original system 
and was therefore recalibrated prior to the experiments described in this dissertation.  
Calibration data was collected by the use of calipers measuring the extension of the slide.  
Various lengths were recorded along with the corresponding output voltages from the 
sensor.  Figure 4 displays a photograph of the LVDT in the system.  The calibration chart 
for this sensor can be found in Appendix G.   
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Figure 4. Photograph of the Linear Variable Differential Transducer 
 
The free end of the PMA was fastened by means of an aluminum slide to the 
LVDT.  The load required to overcome the static friction is 1.96 N (0.44 lb), which is less 
than 3% of the lowest load used throughout the experiments.  The load to overcome the 
dynamic friction is 1.47 N (0.33 lb), therefore the friction of the slide is assumed 
negligible.  This slide is routinely lubricated to ensure a low effect of friction in the data 
collection process. 
 
2.1.1.2 Pressure Transducer 
A pressure transducer (Festo Corporation, Hauppauge, NY, model: SDE1-D10-
G2-W18-L-PU-M8) is used in the system to verify that the internal bladder pressure of 
the PMA is the value commanded to the PPR.  A range of internal PMA pressures were 
commanded to the PPR ranging from 150-600 kPa (21.8-79.8 psi) by increments of 50 
kPa (7.25 psi).  The digital readout along with the voltage output from each of these 
pressures were recorded and used to develop the relationship between the voltage output 
of the pressure transducer and the internal PMA pressure.  Also a t-fitting and an analog 
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pressure gage were inserted at the same location as the pressure transducer, to verify that 
the digital reading of the transducer was accurate.  Figure 6 provides a photograph of the 
pressure transducer.  The calibration chart for this sensor can be found in Appendix G.   
 
 
Figure 5. Photograph of Pressure Transducer 
 
2.1.1.3 Load Cell 
The DTS has a load cell (Transducer Techniques, Temecula, CA, model: LPU-
500) which monitors the forces placed on the PMA by the D.C. servo motor.  The load 
cell was used in the previous system and therefore it was important to recalibrate to 
verify that the measured load was indeed the actual load.  In order to accurately calibrate 
this sensor an aluminum support with a pulley was used to apply known loads to the load 
cell.  A five gallon bucket was used to hold various weights of sand.  The applied weights 
were 222 N (50lb), 444 N (100 lb) and 667 N (150 lb).  Figure 8 provides a photograph 
of the load cell.  The calibration chart for this sensor can be found in Appendix G.   
 31 
 
Figure 6. Photograph of Load Cell 
 
2.1.1.4 Rotation Potentiometer 
A rotational potentiometer (Newark Electronics, model: Bourns 6637S-1-502) 
was incorporated into the system to monitor the rotational position of the motor shaft.  
This component has a resistance value of 5KΩ ±10% and a range of 0-320 degrees.  A 
calibration procedure was conducted by mounting both a 360 degree protractor image on 
the shaft pulley and a brass pointer.  As the shaft rotated, corresponding output voltages 
were recorded.  A photograph of this sensor is provided in Figure 7.  The calibration chart 
for this sensor can be found in Appendix G.   
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Figure7. Photograph of Rotational Potentiometer 
 
2.1.2 Additional System Components 
 
2.1.2.1 Pneumatic Muscle Actuator 
A pneumatic muscle actuator (Festo Corporation, Hauppauge, NY, model: MAS-
20-250N-AAMCK) is the primary component of interest in the system.  The resting 
parameters of this pneumatic muscle actuator are an inner diameter of 20 mm (0.79 in) 
and length of 250 mm (9.84 in).  It is capable of generating forces upward of 1200 N (270 
lb).  It is rated for a maximum pressure of 600 KPa (87.2 psi) and a maximum contraction 




Figure 8.  Photograph of Pneumatic Muscle Actuator 
 
2.1.2.2 D.C. Servo Motor 
A D.C. servo motor (Pacific Scientific, Rockford, IL, model: PMA45N-00100-00) 
was installed in the DTS.  This motor is controlled by a driver (Pacific Scientific, 
Rockford, IL, model: PC 833-001-T).  The required components, including multiple 
cables and an emergency shut off switch, were constructed in the Electronic Shop at 
Wright State University.  The Instrument Shop made the connector block supports and 
the case for the circuitry.  The first step to integrate the motor into the system was to 
configure the driver with the PC800 software.  After this configuration was complete, the 
motor was calibrated.  To assist in this process a pulley and moment arm were 
constructed in the Instrument Shop.  These components were connected to the D.C. servo 
motor shaft and loaded with various weights at varying distance from the center of the 
shaft to determine a relationship between stall torque and voltage.  Figure 9 provides a 
photograph of the motor.  The calibration curves for the motor with gains of 1A/V and 2 
A/V are provided in Appendix G.   
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Figure 9. Photograph of D.C. Servo Motor 
 
2.1.2.3 Proportional Pressure Regulator 
The internal bladder pressure of the PMA is regulated by a proportional pressure 
regulator (Festo Corporation, Hauppauge, NY, model: MPPE-3-1/8-6-010-B) which has a 
response time of 0.22 seconds.  This was part of the original system and therefore was 
recalibrated to ensure an accurate voltage pressure relationship.  The data sheets for this 
device provide the following relationship.  
Pressure (Bar) = 0.6 * Voltage (V)       (7) 
Voltages were commanded for steps in pressure from 100-600 kPa (14.5-87.2 psi).  The 
actual pressure was read and recorded from the digital readout of the pressure transducer.  
Slight variations occurred and therefore a new calibration equation was developed.  
Figure 10 provides a photograph of the proportional pressure regulator.  The calibration 
chart for this sensor can be found in Appendix G.   
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Figure 10. Proportional Pressure Regulator 
 
2.2 Operating System 
A new computer (Dell Dimension 9200) was purchased to operate the improved 
DTS.  With the computer upgrade, the version of LabVIEW
TM
 was updated from 6.0 to 
8.0.  This new version is more user-friendly and had additional options that were not 
present in the 6.0 version.  With the updated version and the new components in the 
system, a new LabVIEW
TM
 code was written.  The code was named PMA Program 
File.VI.  Express VIs were used to build this system.  The first express VI that was used 
is the DAQ assistant for analog inputs.  Four channels were imported from the data 
acquisition card (National Instruments, Austin, TX, model: PCI-6025).  These four 
channels represent the analog voltage input from the LVDT, load cell, pressure 
transducer and rotational potentiometer.  All four input lines are shown on a graphic 
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indicator on the front panel.  The second express VI was the DAQ assistant for the analog 
output commands.  This VI sends the predefined analog voltage signals to the 
proportional pressure regulator and the D.C. servo motor.  These predefined signals can 
be time dependent.  The commanded signals are also displayed on the front panel on 
additional graphic indicators.  All six analog lines (4-input, 2-output) are written into 
Excel
TM
 files.  The use of the express VIs in the updated LabVIEW
TM
 software allowed 
for a simplistic construction of the operator interface.  Snapshots of the Front Panel and 
Block Diagram for this code are provided in Figures 11 and 12, respectively.  A larger 
image of the block diagram is provided in Appendix E. 
 
 
Figure 11. LabVIEW Front Panel 
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2.3 Electrical System 
Figure 13 displays the circuit diagram for the DTS. A close up of the data 



























































































3.1 Characterization of a Phenomenological Model for Commercial  
Pneumatic Muscle Actuators 
 The three-element phenomenological model provided in Figure 15 is the primary 
model of interest in this dissertation.  This model is a simplification of a cardiac muscle 
model, without the series elastic element and consists of a spring element, damping 
element and contractile element arranged in parallel (54). 
 
Each coefficient of the model 
is found independently by methods described in Section 4.1. 
Assuming that X is displacement of the pneumatic muscle actuator, the governing 
equation of motion is provided below.   
  
,LFXKXBXM cePMAOPMAPMAOPMAPMAO −=++ −−−
&&&     (8) 
 
In Eq. (8) XO-PMA is displacement, M is the mass of the moving components, BPMA is the 
damping coefficient, KPMA is the spring coefficient, Fce is the contractile force coefficient 
and L is the external load.  The contractile force coefficient (Fce) is the contraction force 
of the PMA which acts throughout an entire contraction for a given pressure.  This 
coefficient is assumed to be equal to the external load applied to the PMA which results 
in zero contraction of the actuator.   Note that no movement occurs when Fce equals the 
external load and the initial displacement and velocity are zero [ 0)0()0( == yy & ].  In 
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cases where Fce is greater than the external load, the right hand side of Eq. (8) is the 
driving force function of the system.  In cases where Fce is less than the external load, the 
PMA is in an overstretched state. 
 
 
Figure 15. Three-Element Phenomenological Model 
 
The dynamic experiments in this study were conducted on a test system utilizing a 
horizontal layout, which brought about the question as to whether the inertial effects 
should be included in the model.  A theoretical comparison of solutions including and 
excluding this inertial term was performed for a representative pressure of 400 kPa (58.1 
psi) considering the mass of half the PMA, the LVDT slide and connectors.  Only half of 
the PMA muscle mass was taken into account because one end of the muscle is fixed and 
therefore it is reasonable to assume that half of its mass is also supported.  As shown in 
Figure 16, this comparison yielded a maximum deviation of less than 1% of the total 
 42 
contraction distance.  This demonstrated that the addition of the inertial term adds very 
little to the solution which excludes this term, therefore the more parsimonious equation, 
without the inertial term, was used for the study.   
 
 






A solution to Eq. (9a) was found for the contraction and relaxation studies, for 
step changes in pressure.  For Fce > L, this solution yields Eq. (9b) which is the 
relationship between PMA displacement (X(t)), applied load (L), spring coefficient 
(KPMA) and the contraction force coefficient (Fce).  In Eq. (9c) ∆Xmax is the maximum 






























The theoretical solutions described in Eqs. (9b) and (9c) were employed in the 
contraction and relaxation experiments as a means to develop prediction models for KPMA 
and BPMA.  The mathematical details of the derivation of Eqs. (9b) and (9a) are provided 
in Appendix B. 
 
3.2 Characterization of a Pneumatic Muscle Test Station with Two Dynamic  
Plants in Cascade  
 
3.2.1 Development of D.C. Servo Motor Transfer Function  


















    (10) 
 
In Eq. (10), JM is the motor inertia, BM is the viscous damping coefficient for the motor, 
KM is the torque constant for the motor, θI-M is the desired motor shaft rotation and θO-M is 
the actual motor shaft rotation.  The contribution of the inertial term is less than that of 
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the other terms, therefore the inertia will be assumed negligible and the resulting 
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θ O-M and θ I-M are related to the PMA length change (∆X) of the PMA by the radius of the 
pulley (r), therefore the θ terms will be replaced by 
r
X∆

















− =+      (12) 
 
Also, the torque constant (KM) is equal to a force constant (FM) multiplied by the radius 









− =+       (13) 
 
By taking the Laplace transform, 
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 3.2.2 Development of PMA Transfer Function  
The governing differential equation from the phenomenological model for the 








−       (16) 
 
BPMA is the damping coefficient of the PMA, KPMA is the spring coefficient of the PMA, 
XO-PMA is the output displacement and f(t) is the forcing function.  By dividing through 






















 and f(t)= KPMAXI-PMA , where XI-PMA is the desired PMA 








− =+τ       (18) 
 
By taking the Laplace transform, 
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PMAO         (20) 
 





Figure 17. Block diagram of system 
 




The resulting transfer function of the total system is provided in equation (21). 
 
      































































3.3 Lower Extremity Resistive Exercise Device Utilizing an Antagonist Pneumatic 
Muscle Actuator 
The general idea of utilizing the PMA as an antagonist in a resistive exercise 




Figure 19. Proof-of-concept of isokinetic knee extension task  
 
 
In attempt to demonstrate this task in a laboratory setting the human operator will be 
modeled by a D.C. servo motor as shown in Figure 20.  In this demonstration the 
commanded input profile to the D.C. servo motor will correspond to a representative 





























4.1 Characterization of a Phenomenological Model for Commercial  
Pneumatic Muscle Actuators  
 
 4.1.1 Experimental Methods for Static Loading Study 
The goal of this study was to find the contractile force coefficients as a function 
of pressure.  Due to the higher loading requirements of this study, a vertical weight stack 
was used to supply the load rather than the D.C. servo motor.  This set-up included a steel 
weight bearing device weighing 186 N (41.5 lb.) fastened to the free end of the PMA by a 
cable hung over a steel pulley as shown in Figure 21.  Additional barbell weights were 
added to the device.  The PMA was pressurized to 575 kPa (83.4 psi), the loading support 
was removed (i.e. the PMA was under desired loading), and the PMA pressure was then 
reduced to zero over a sixty second period.  The pressure at which the PMA re-achieved 
its original length was recorded.  The load placed on the PMA is the corresponding Fce 
for the recorded pressure.  Each trial was repeated five times.   The loads tested were the 
following: 186 N (41.5 lb), 319 N (71.8 lb), 455 N (102 lb), 590 N (133 lb), 725 N (163 













Figure 21. Photograph of Static Loading Experimental Setup 
 
4.1.2 Experimental Methods for Preliminary Contraction Study 
A preliminary contraction study was conducted at several loads for the purpose of 
determining empirical guidelines for regions where the spring coefficient can be 
approximated by a pressure-dependent relationship only.  While empirical data shows 
some dependency on load, regions are also observed where the spring coefficient can be 
reasonably approximated by a constant.  The goal of this particular study is to define the 
empirical guidelines to be used in the experimental design of the contraction and 
relaxation studies. 
Tests were conducted using the vertical weight stack for loads of 0-1262 N (0-284 
lb) and PMA pressures of 0-550 kPa (0-79.8 psi).  The PMA was placed under the given 
load for five seconds at which the PMA was pressurized resulting in contraction.  The 
spring coefficient (KPMA) was found from Eq. (9c) knowing ∆Xmax, Fce and L.  A plot of 
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the spring coefficients (KPMA) versus external load (L) allowed for the operational range 
where KPMA can be approximated by a constant for various loads to be defined.  This 
range was used as an empirical guideline for which a second contraction study was 
conducted testing loads within this predetermined operating range.  
 
4.1.3 Experimental Methods for Contraction Study 
To estimate the value of the spring coefficient (KPMA) and the damping coefficient 
(BPMA) a contraction study was conducted on the DTS.  During these test runs an initial 
load was applied by the D.C. servo motor and then a step increase in pressure was 
commanded, resulting in contraction.  Initial loads range between 0-850 N (180 lb) by 50 
N (10.6 lb) for pressures between 150-550 kPa (21.8-79.8 psi) by 50 kPa (7.25 psi) 
increments based on the empirical guidelines described in Section 4.1.2 where the spring 
coefficients (KPMA) is minimally dependent on load.   
The maximum displacement data (∆Xmax), collected by the LVDT, the predicted 
contractile force coefficient (Fce), and the initial external load (L) were used to estimate 
the spring coefficient (KPMA) using Eq. (9c).  The displacement curve was then fit in PSI-
Plot
TM
 to the general solution shown in Eq. (9b) to solve for the damping coefficient 
(BPMA).  An example of this user-defined code is presented in Appendix D. 
Although both spring coefficient (KPMA) and damping coefficient (BPMA) profiles 
were generated from the contraction experiments, the K was only dependent on the 
overall contraction distance and the B came from a curve fit of Eq. (9b) to the transient 




4.1.4 Experimental Methods for Relaxation Study 
Since a complete work cycle includes both contraction and relaxation, the 
relaxation phase of the PMA dynamics must also be studied.  This experiment was 
conducted for the same pressure-load combinations as tested in the contraction study.  
The load is first applied to the PMA and then the PMA contracted based on a known 
input in pressure.  After 5 seconds, a step decrease in pressure was commanded (i.e. the 
muscle deflated).  The response was fit to the theoretical solution of Eq. (9b) in the PSI- 
Plot
TM
.  Therefore, the damping coefficient was also found for the relaxation phase of the 
work cycle.   
 
4.1.5 Experimental Methods for Validation Study 
The empirically determined coefficients for KPMA, BPMA and Fce were then used to 
predict the displacement of the PMA in response to a constant load and a triangular wave 
input in pressure.  Two cases were studied.  Case one tested a triangular wave in pressure 
ranging between 150-250 kPa (21.8-36.3 psi) against a load of 150 N (33.7 lb). Case two 
tested a triangular wave in pressure ranging between 450-550 kPa (65.3-79.8 psi) against 
a load of 400 N (89.9 lb). 
 
4.1.6 Statistical Methods for PMA Characterization Study 
Linear regression analysis was conducted for the studies described in Sections 




Null Hypothesis  Ho: E(Fce, KPMA, BPMA)=βo+β1P   
Alternate Hypothesis  Ha: E(Fce, KPMA, BPMA)≠ βo+β1P 
 
Where E(Fce, KPMA, BPMA) is the predicted value for the model parameters, P is pressure, 
βo is the y-intercept and β1 is the slope of the regression line.  JMP
TM
 statistical software 
was used to generate analysis of variance tables to evaluate the stated hypothesis.  
Depending on the results of the hypothesis test, mean data and parameter estimate tables 
were also generated in JMP
TM
 for the linear regression analysis of the contractile force 
coefficient (Fce), the spring coefficient (KPMA) and the damping coefficient (BPMA).   
In the verification study, the accuracy of the model is tested by taking the root 
mean square error (RMSE) values between actual and predicted data.  These values are 
reported as RMSE values and as a percent RMSE of the total PMA displacement. 
 
4.2 Characterization of a Pneumatic Muscle Test Station with Two Dynamic  
Plants in Cascade 
 
4.2.1 Mathematical Methods of Tustin Transform 
Tustin (bilinear) transform methods provide a means to obtain a discrete time 
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The resulting recursion equation is provided in Eq. (24). 
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4.2.2 Experimental Methods for DTS Limitation Study 
Static data was collected to evaluate the limitations of the DTS.  Parameters of 
interest included the total PMA no-load contraction distance for a given PMA pressure 
and the maximum PMA re-extension as a result of a given load against a constant PMA 
pressure.  Data collection occurred at pressures ranging from of 150-550 kPa (21.8-79.8 
psi) with 50 kPa (7.25 psi) intervals for loads ranging from 75-900 N (20.5- 246 lb) by 75 
N (20.5 lb) intervals.  Once the desired internal PMA pressure was achieved, an increase 
in load was applied over 5 seconds, held constant for 5 seconds, and then reduced back to 
no load over 5 seconds. The initial contraction distance and the load-induced re-extension 
distance were both recorded.  
 
4.2.3 Isokinetic Displacement Study 
A spreadsheet was developed in Excel
TM
 to optimize the model coefficients in 
Eqs. (26 a-e) using data obtained in the DTS limitation study.  Starting parameters for the 
PMA coefficients were taken from experiments described in Section 4.1 and are provided 








Table 2. Summary of Model Parameter Profiles  
Model Parameter Pressure Profile 
Spring Constant, KPMA 150-314 kPa K=32.7-0.0321P 




150-550 kPa B=2.90 
Relaxation Damping 
Coefficient, BPMA 
150-372 kPa B=1.57 
(Ns/mm) 372-550 kPa B=0.311+0.00338P 
 
 
Starting parameters for the governing equation for the D.C. servo motor were obtained 
from the technical specification sheets (57).  These values are summarized in Table 3. 
 





Torque Constant, Km 10.26 Nm 
 
Once the model coefficients of the recursion equation resulting from a Tustin 
(bilinear) transform of the original transfer function of the system were optimized, input 
voltage profiles were generated to achieve PMA length change of 0-25 mm (0-0.98 in) 
with a constant velocity over 5 seconds against pressures ranging between 150-550 kPa 
(21.8-79.8 psi) with 50 kPa (7.25 psi) intervals.   
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4.2.4 Statistical Methods for System Characterization Study 
 The best fit polynomial was generated to fit the voltage versus position data for 
each PMA pressure tested from the static limitation study.  This analysis was completed 
in Excel
TM
 and the corresponding correlation coefficients were recorded.  The model 
parameters of the recursion equation were optimized by minimizing the root mean square 
error (RMSE) between the predicted and actual data set.  The isokinetic PMA 
displacement data was analyzed by generating a linear regression equation to determine 
the accuracy of the demonstration in terms of achieving isokinetic PMA displacement.  
The following hypothesis was tested. 
 
 Null Hypothesis  Ho: E(X)=βo+β1t   
 Alternate Hypothesis  Ha: E(X)≠ βo+β1t 
 
Where E(X) is the predicted PMA displacement, t is time, βo is the y-intercept and β1 is 
the slope of the regression line.  In addition to the linear regression equations, a RMSE 
value between the actual PMA displacement and the ideal PMA displacement was 
calculated.  Plots of the actual PMA displacement versus the ideal PMA displacement are 






4.3 Lower Extremity Resistive Exercise Device Utilizing an Antagonist Pneumatic 
Muscle Actuator 
Limitations of the DTS were determined by methods described in Section 4.2.2.  
Once the static data was collected, eight pressures were chosen to represent the array of 
loadings possible to achieve a 0-90
o
 D.C. servo motor shaft rotation representative of the 
knee extension angle. 
 
4.3.1 Experimental Methods for Isokinetic Rotation Study 
The methodology described in Section 4.2 was used to generate D.C. servo motor 
voltage profiles.  For each trial, the PMA will contract in response to an increase in 
internal bladder pressure.  Once the desired internal PMA pressure is achieved, the 
voltage profile will be commanded to the D.C. servo motor which will result in an 
isokinetic counterclockwise angular rotation of 0-90
 o
 over 5 seconds, that position is held 
for 5 seconds, and an isokinetic clockwise rotation of 90-0
 o 
over 5 seconds. 
 
4.3.2 Statistical Methods for Isokinetic Rotation Study 
 To verify that the proof-of-concept task did achieve isokinetic performance, a 
linear regression is fit to each phase of the D.C. servo motor pulley rotation data.  The 
following hypothesis below was tested. 
 
 Null Hypothesis  Ho: E(θ)=βo+β1t   
 Alternate Hypothesis  Ha: E(θ)≠ βo+β1t 
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Where E(θ) is the predicted D.C. servo motor pulley rotation, t is time, βo is the y-
intercept and β1 is the slope of the regression line.  The root mean square error (RMSE) 
value between the actual rotation data and the ideal rotation data is used to evaluate the 
accuracy of the demonstration in terms of achieving isokinetic D.C. servo motor pulley 
rotation at each PMA pressure.  Plots of the actual rotation data versus the ideal rotation 
























5.1 Characterization of a Phenomenological Model for Commercial  
Pneumatic Muscle Actuators  
 
5.1.1 Static Loading Study 
Figure 22 provides the results from the static loading study.  The relationship 
between the contractile force coefficient (Fce) in N and the pressure (P) in kPa is 
Fce=2.91P+44.6.  The analysis of variance table for this data is provided in Table 4.  
Table 5 provides the parameter estimates for the linear regression analysis.  From the p-
value of the ANOVA table, there is not enough data to reject the null hypothesis.  








































Figure 22. Mean contractile element force coefficients (Fce) as a function of pressure 
are denoted by circles.  The solid line represents the regression line.  The dashed line 
represents the geometric prediction of Fce. 
 
Table 4. Analysis of Variance of the Contractile Force Coefficient Data 
Source DF Sum of  Squares Mean Square F Ratio Prob>F 
Model 1 13792412 13792412 5.945e15 0.0000 
Error 114 2.64496e-7 2.3201e-9   
C. Total 115 13792412    
 
 
Table 5. Parameter Estimates of the Contractile Force Coefficient Data 
Term Estimate Std. Error t Ratio Prob >|t| 
Intercept 44.574 0.000016 2.86e6 0.0000 
Pressure 2.9121 3.777e-8 7.71e7 0.0000 
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5.1.2 Preliminary Contraction Study 
 Example data is provided in Figure 23 for the tests at 500 kPa (72.5 psi).  The 
data plots for the additional trials are provided in Appendix I.  The vertical dashed line 
signifies where the data points become nonlinear with respect to load.  Similar patterns 
were evident for each of the other pressures studied.  Table 6 provides a summary of the 
maximum load for each PMA pressure where the spring coefficient (KPMA) can no longer 
be considered constant.  Also included in Table 6 is this load as a percent of 
corresponding Fce.  The values given in Table 6 represent the load at which the 
corresponding spring coefficient drops below the spring coefficient at the lowest load 
tested.  This data was used to develop empirical guidelines for the design of the 
contraction study. 
External Load, L (N)




























Figure 23. Sample data from the preliminary contraction study for a pressure of 500 
kPa (72.5 psi).  The dashed line signifies the empirical guideline to the left of which 
KPMA is considered constant. 
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Table 6. Empirical Guidelines for Constant Approximations of KPMA 
Pressure 
(kPa) 
Max Load for a 
Constant KPMA (N) % Fce 
150 306 63.60% 
200 460 73.30% 
250 609 78.80% 
300 701 76.30% 
350 812 73.60% 
400 903 74.70% 
450 998 73.70% 
500 1098 73.20% 
550 1136 69.00% 
 
 
5.1.3 Contraction Study 
Figure 24 displays the mean spring coefficient (KPMA) in N/mm for each pressure 
(P) in kPa with standard error bars.  Tables 7 and 9 provide the analysis of variance for 
the two pressure ranges for the spring coefficient.  In Tables 7 and 9, the p-values verify 
that there is not enough evidence of to reject the null hypothesis at a 99% confidence 
level.  Therefore, a linear equation reasonably fits the data.  Tables 8 and 10 provide 
parameter estimates for the linear regression equation.  The linear fit for the data range 
between pressures of 150-314 kPa (21.8-45.5 psi) is K=32.7-0.0321P and for pressures of 


































Figure 24. Mean spring coefficients (KPMA) with standard error bars are shown as a 
function of pressure. 
 
 
Table 7. Analysis of Variance of the Spring Coefficient Data for  
Pressures 150-314 kPa 
Source DF Sum of  Squares Mean Square F Ratio Prob>F 
Model 1 100.74728 100.747 11.1559 0.0021 
Error 33 298.01708 9.031   







Table 8. Parameter Estimates of the Spring Coefficient Data for  
Pressures 150-314 kPa 
Term Estimate Std. Error t Ratio Prob >|t| 
Intercept 32.714882 2.417304 13.53 <0.0001 
Pressure -0.032122 0.009617 -3.34 0.0021 
     
 
 
Table 9. Analysis of Variance of the Spring Coefficient Data for  
Pressures 314-550 kPa 
Source DF Sum of  Squares Mean Square F Ratio Prob>F 
Model 1 128.73235 128.732 74.0835 <0.0001 
Error 79 137.27565 1.738   




Table 10. Parameter Estimates of the Spring Coefficient Data for  
Pressures 314-550 kPa 
Term Estimate Std. Error t Ratio Prob >|t| 
Intercept 17.005686 0.970916 17.52 <0.0001 





An example of PMA displacement is shown in Figure 25 along with the fitted data for a 
step input in pressure of 550 kPa (79.8 psi) against a load 350 N (78.7 lb).  The empty 
circles represent the data points collected by the LVDT.  The solid line is the best fit 
curve generated in PSI-Plot
TM
 software for the given trial. 
Time (sec)

































Figure 25. PMA contraction displacement for a step input in pressure of 550 kPa (79.8 
psi) with a constant load of 350 N (78.7 lb) is signified by circles.  The solid line 
represents the solution of the three-element model with coefficients determined from 
experimental data. 
 
The mean values of damping coefficients (BPMA) in Ns/mm at each pressure (P) in 
kPa, along with standard error bars are provided in Figure 26.  The analysis of variance 
for the contraction damping coefficient (BPMA) is provided in Table 11.  From the p-value 
in Table 11, at a 99% confidence level there is evidence to reject the null hypothesis.  
Therefore, a linear regression equation is not an accurate prediction.  Since the null 
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hypothesis is rejected, the mean data for the contraction damping coefficient is used as 
the prediction value and is provided in Table 12.   
Pressure (kPa)
































Figure 26. Mean damping coefficient (BPMA) with standard error bars is shown as a 
function of pressure.  Contraction results are displayed as the upper segment 
(triangles) and relaxation study results are shown in the lower segment (circles). 
 
 
Table 11. Analysis of Variance of the Contraction Damping Coefficient Data for  
Pressures 150-550 kPa 
Source DF Sum of  Squares Mean Square F Ratio Prob>F 
Model 1 2.472701 2.47270 4.3070 0.0402 
Error 114 65.448444 0.57411   




Table 12. Mean Fit Data of the Contraction Damping Coefficient Data for  
Pressures 150-550 kPa 
Mean Std. Dev Std. Error SSE 
2.89931 0.768517 0.071355 67.92114 
 
5.1.4 Relaxation Study 
Figure 27 shows an example of the relaxation displacement for a pressure of 400 
kPa (21.8 psi) against a load of 650 N (145 lb).  The open circles represent the actual data 
points collected by the LVDT.  The solid line represents the best fit solution to the 
governing equation generated in PSI-Plot
TM
 software.  Figure 26 displays the results of 
the relaxation study.  Tables 13 and 15 provide the analysis of variance for the two 
pressure ranges of the relaxation damping coefficients.  For PMA pressures between 150-
372 kPa (21.8- 54.0 psi) the p-value from Table 13, suggest that at a 99% confidence 
level, there is enough evidence to reject the null hypothesis.  Therefore a linear equation 
is not an accurate fit of the data and the mean values are provided in Table 14.  For PMA 
pressures ranging between 372-550 kPa (54.0-79.8 psi) the p-value from Table 15 
suggest that there is not enough evidence at a 99% confidence level to reject the null.  
Therefore, a linear equation is an accurate fit for the data.   Table 16 provides the 
parameter estimates this PMA pressure range.  For pressures between 150-372 kPa (21.8-
54.0 psi) B=1.57 and for pressures between 372-550 kPa (54.0-79.8 psi) 

































Figure 27. PMA relaxation displacement for a step decrease in pressure of 400 kPa 
(21.8 psi) against a 650 N (145 lb) load. The experimental points are represented by 
circles and the solid line represents the solution to the three-element model with 
coefficients determined from experimental data. 
 
Table 13.  Analysis of Variance of the Relaxation Damping Coefficient Data for  
Pressures 150-372 kPa 
Source DF Sum of  Squares Mean Square F Ratio Prob>F 
Model 1 0.0114173 0.011417 0.1219 0.7285 
Error 47 4.4021949 0.093664   








Table 14. Mean Fit Data of the Relaxation Damping Coefficient Data for  
Pressures 150-372 kPa 
Mean Std. Dev Std. Error SSE 
1.57449 0.303233 0.043319 4.413612 
 
Table 15. Analysis of Variance of the Relaxation Damping Coefficient Data for  
Pressures 372-550 kPa 
Source DF Sum of  Squares Mean Square F Ratio Prob>F 
Model 1 2.391074 2.39107 14.6881 0.0003 
Error 65 10.581371 0.16279   
C. Total 66 12.972445    
 
Table 16. Parameter Estimates of the Relaxation Damping Coefficient Data for  
Pressures 372-550 kPa 
Term Estimate Std. Error t Ratio Prob >|t| 
Intercept 0.3114843 0.429242 0.73 0.4707 
Pressure 0.0033845 0.000883 3.83 0.0003 
 
5.1.5 Validation Study 
Figure 28 provides the results of an external validation of the phenomenological 
model for a triangular wave input in pressure ranging from 150-250 kPa (21.8-36.3 psi) 
against a load of 150 N (33.7 lb) with a period of four seconds.  The RMSE between 
predicted and actual contraction for this trial is 1.94 mm (0.08 in) or about 17 % of the 
















































Figure 28. Displacement and pressure data for a validation experiment for a pressure 
range of 150-250 kPa (21.8-36.3 psi) and a constant load of 150 N (33.7 lb).  During 
relaxation the steps are due to the performance of the proportional pressure regulator. 
 
 
Figure 29 displays this method a triangular wave in pressure ranging from 450-
550 kPa (65.3-79.8 psi) against a load of 400 N (89.9 lb) with a period of ten seconds.  
For this pressure range the model has a RMSE between the predicted and actual 
contraction of 1.38 mm (0.05 in) or about 25 % of the total contraction length. 
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Figure 29. Displacement and pressure data for a validation experiment for a pressure 
range of 450-550 kPa (65.3-79.8 psi) and a constant load of 400 N (89.9 lb). 
 
 
5.2 Characterization of a Pneumatic Muscle Test Station with Two Dynamic  
Plants in Cascade  
 
5.2.1 DTS Limitation Study 
Table 17 summarizes the average static data collected for the highest loading level 

















900 150 25.1 30.4 121 
900 200 34.1 34.4 110 
900 250 43.1 44.5 103 
900 300 49.9 48.3 96.9 
900 350 53.8 48.8 90.8 
900 400 56.3 47.2 83.9 
900 450 59.5 46.5 78.2 
900 500 61.5 44 71.5 
900 550 64 41.3 64.5 
 
 
 From the DTS limitation study the contraction distance for each of the pressures 
tested were acquired.  These range from 24.2 mm (0.95 in) at a pressure of 150 kPa (21.8 
psi) to 63.5 mm (2.5 in) at 550 kPa (79.8 psi).  The re-extension percentage occurring at 
900 N (246 lb) ranges from 120% (overstretched state) at 150 kPa (21.8 psi) to 64.5% at 
550 kPa (79.8 psi).  The results of the static limitation study provide a range for the 
achievable values of load-induced displacement of the PMA.  Table 18 provides the 











































The displacement-voltage profiles presented above were generated from the static 
data collected and describe PMA displacement as a function of D.C. servo motor voltage.  
All profiles had a correlation coefficient of 0.9558 and higher.  The recursion equation 
from the Tustin (bilinear) transform was used to generate a discrete time input 
displacement profile for a desired isokinetic PMA expansion of 0-25 mm (0-0.98 in).  










5.2.2 Isokinetic Displacement Study 
 Table 19 provides the optimized coefficients for the recursion equation 
parameters. 
 
Table 19. Optimized Model Parameters 
Pressure 
(kPa) a b c d e 
150 -0.819 0.1119 0.0733 0.1465 0.0733 
200 -0.897 0.0309 0.0335 0.0671 0.0335 
250 -0.913 0.0137 0.0251 0.0502 0.0251 
300 -0.8822 0.04603 0.04097 0.08194 0.04097 
350 -0.922 0.00465 0.02067 0.04134 0.02067 
400 -0.931 -0.0047 0.0161 0.03219 0.0161 
450 -0.9133 0.01363 0.02508 0.05015 0.02508 
500 -0.9128 0.01414 0.02533 0.05065 0.02533 
550 -0.8527 0.07665 0.056 0.11199 0.056 
 
The model parameters were optimized by systematically varying starting model 
parameters and evaluating the resulting root mean square error between the predicted and 
actual displacement data.  Figure 30 provides the voltage profile generated with the 
recursion equation from the Tustin (bilinear) transform for a pressure of 400 kPa (58.0 
psi) that will achieve an isokinetic length extension of 0-25 mm (0-0.98 in).  The D.C. 
servo motor voltage profiles for the other eight trials are provided in Appendix I.  Figure 
31 provides the LVDT data for all trials resulting from the D.C. servo motor voltage 





























Figure 30. D.C. servo motor voltage profile to achieve isokinetic displacement of 0-25 






































































































































































































































































































































































































































































































































 Table 20 provides the Analysis of Variance table for each of the isokinetic 
displacement trials.  Table 21 presents the parameter estimates for each of the isokinetic 
displacement trials.  The p-values from Table 20 are nearly zero which suggests that there 
is not enough evidence to reject the null hypothesis and that a linear regression equation 
is an accurate fit for the data. 
Table 20. Analysis of Variance for Isokinetic Displacement Trials 
Pressure 
 




F Ratio Prob>F 
150 kPa Model 1 111026 111026 31665.5 0.000 
 Error 1921 6735.46 3.50622   
  C. Total 1922 117762       
200 kPa Model 1 112383 112383 134767 0.000 
 Error 1921 1601.93 0.8339   
  C. Total 1922 113985       
250 kPa Model 1 88788.5 88788.5 125794 0.000 
 Error 1921 1355.89 0.70583   
  C. Total 1922 90144.4       
300 kPa Model 1 73473.3 73473.3 148563 0.000 
 Error 1921 950.048 0.49456   
  C. Total 1922 74423.4       
350 kPa Model 1 69573.6 69573.6 237887 0.000 
 Error 1921 561.825 0.29247   
  C. Total 1922 70135.5       
400 kPa Model 1 78079 78079 347883 0.000 
 Error 1921 431.149 0.22444   
  C. Total 1922 78510.1       
450 kPa Model 1 80842.4 80842.4 337045 0.000 
 Error 1921 460.764 0.23986   
  C. Total 1922 81303.1       
500 kPa Model 1 90449.3 90449.3 374835 0.000 
 Error 1921 463.546 0.24131   
  C. Total 1922 90912.9       
550 kPa Model 1 90487.8 90487.8 368285 0.000 
 Error 1921 471.991 0.2457   
  C. Total 1922 90959.8       
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Table 21. Parameter Estimation Table for Isokinetic Displacement Study 
Pressure Term Estimate Std. Error T Ratio Prob>|t| 
150 kPa Intercept -0.823263 0.085301 -9.65 <0.0001 
  Time 5.2561355 0.029537 117.95 0.0000 
200 kPa Intercept -0.411187 0.0416 -9.88 <0.0001 
  Time 5.2881501 0.014405 367.11 0.0000 
250 kPa Intercept 0.800176 0.038272 20.91 <0.0001 
  Time 4.7003678 0.013253 354.67 0.0000 
300 kPa Intercept 1.5458775 0.032036 48.25 0.0000 
  Time 4.2758097 0.011093 385.44 0.0000 
350 kPa Intercept 1.8512977 0.024636 75.15 0.0000 
  Time 4.1607898 0.008531 487.74 0.0000 
400 kPa Intercept 1.6830723 0.021582 77.99 0.0000 
  Time 4.4077862 0.007473 589.82 0.0000 
450 kPa Intercept 1.3202461 0.02231 59.18 0.0000 
  Time 4.4851089 0.007726 580.56 0.0000 
500 kPa Intercept 0.8604836 0.022378 38.45 <0.0001 
  Time 4.7441248 0.007749 612.24 0.0000 
550 kPa Intercept 0.9449004 0.022581 41.85 <0.0001 
  Time 4.7451346 0.007819 606.86 0.0000 
 
The PMA displacement profile was set to expand 0-25 mm (0-0.98 in) with a 
constant velocity over five seconds, resulting in a 5 mm/sec displacement slope.  From 
the slope provided in Table 21 there is a maximum deviation of 16.8% at a PMA pressure 
of 350 kPa (50.8 psi). 
Actual displacement versus ideal displacement plots display the deviation from 
the line of unity.  Three plots are presented in Figure 32 which captures this effect at a 
lower, middle and high pressure.  Table 22 presents the summary of the root mean square 
errors between the actual and ideal displacement.  The RMSE data in Table 22 is also 
presented as a percent of total displacement. The maximum RMSE percentage is 7.68% 
at a pressure of 150 kPa (21.8 psi). 
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Figure 32. Actual displacement versus ideal displacement for three pressures (a) 150 
kPa (b) 350kPa and (c) 550 kPa. The solid line represents the line of unity.  
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Table 22. RMSE Values between the Actual and Ideal Displacement Values 
Pressure RMSE %of Total 
(kPa) (mm) Displacement 
150 1.92 7.68% 
200 1.05 4.20% 
250 0.946 3.78% 
300 1.29 5.16% 
350 1.35 5.40% 
400 0.999 4.00% 
450 0.891 3.56% 
500 0.653 2.61% 
550 0.69 2.76% 
 
5.3 Lower Extremity Resistive Exercise Device Utilizing an Antagonist Pneumatic 
Muscle Actuator 
  
5.3.1 Isokinetic Rotation Study  
 DTS limitation data allowed the range of pressures where a D.C. servo motor 
shaft rotation of 0-90
o
 was possible to be defined.  This range was at pressures between 
275-575 kPa (40.0-83.6 psi).  Table 23 summarizes the maximum required D.C. servo 
motor torque to achieve 90 degree rotation. 
Table 23. Required D.C. servo motor torques to achieve 0-90
o
 rotation 












Figure 33 displays the D.C. servo motor voltage profiles generated from for the 
isokinetic rotation task demonstration at 300 kPa (43.6 psi).  The voltage profiles for the 
other trials are provided in Appendix I.  The oscillations between 5-10 seconds are a 
result of using the recursion equation to generate an input profile for steady state data. 
Time, sec



























Figure 33. D.C. servo motor voltage profile to achieve an isokinetic rotation profile 
against a contraction pressure of 300 kPa. 
 
 Figure 34 presents the D.C. servo motor pulley rotation data for each pressure 
tested.  The solid line represents the actual data points collected by the rotational 



















































































































































































































































































































Figure 34.  Angular rotation of the D.C. servo motor pulley as a function of time for 
each PMA pressure tested.  The ideal profile is denoted as a dashed line.  All eight 
trials are presents here and correspond to the graphs as follows: A) 275 kPa, B) 300 
kPa, C) 350 kPa, D) 400 kPa, E) 450 kPa, F) 500 kPa, G) 550 kPa and H) 575 kPa. 
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Figure 35 shows phase I (0-90
o
 counterclockwise pulley rotation) at a PMA pressure of 
400 kPa (58.1 psi) for the proof-of-concept task.  
 
               
Figure 35. Photographs of Proof-of-Concept Task 
 
Tables 24, 25 and 26 are the analysis of variance tables for the three phases of the 
isokinetic rotation study.  For all cases studied a linear equation the p-values suggests that 
there is not enough evidence to reject the null hypothesis, therefore a linear regression 
equation is a sufficient fit for the data.    Tables 27, 28 and 29 are the parameter 
estimation tables for the three phases of the isokinetic rotation study.  The ideal slope for 
phase I is 18 degrees/second.  From data in Table 27, a maximum deviation is 10.9% at a 
PMA pressure of 550 kPa (79.8 psi).  The ideal slope for phase II is 0 degrees/second.  
While the slope of the regression line is significant in each of these cases, Table 28 shows 
that the maximum slope of rotation is 0.332 degrees/seconds.  The ideal slope for phase 
III is -18 degrees/second.  From the parameter estimates provided in Table 29, a 







Table 24.  Analysis of Variance for Phase I of the Isokinetic Rotation Study 
Pressure 
 




F Ratio Prob>F 
275 kPa Model 1 1507221.2 1507221 56328.19 0.0000 
 Error 1921 51401.8 27   
  C. Total 1922 1558623.0    
300 kPa Model 1 1504207.2 1504207 181871.6 0.0000 
 Error 1921 15888.0 8.270709   
  C. Total 1922 1520095.2    
350 kPa Model 1 1449104.9 1449105 264418.8 0.0000 
 Error 1921 10527.7 5.48034   
  C. Total 1922 1459632.7    
400 kPa Model 1 1537036 1537036 312132.2 0.0000 
 Error 1921 9459.6 4.924311   
  C. Total 1922 1546495.6    
450 kPa Model 1 1463541.2 1463541 95630.63 0.0000 
 Error 1921 29399.2 15   
  C. Total 1922 1492940.4    
500 kPa Model 1 1593931.0 1593931 265080 0.0000 
 Error 1921 11551.0 6.013019   
  C. Total 1922 1605482.0    
550 kPa Model 1 1603194.5 1603194 161305.1 0.0000 
 Error 1921 19092.6 9.938897   
  C. Total 1922 1622287.1    
575 kPa Model 1 1499545.3 1499545 166356.7 0.0000 
 Error 1921 17316.0 9.014034   









Table 25.  Analysis of Variance for Phase II of the Isokinetic Rotation Study 
Pressure 
 




F Ratio Prob>F 
275 kPa Model 1 305.8276 305.828 68.1224 <0.0001 
 Error 1921 8624.1102 4.489   
  C. Total 1922 8929.9377    
300 kPa Model 1 442.849 442.849 81.2735 <0.0001 
 Error 1921 10467.283 5.449   
  C. Total 1922 10910.132    
350 kPa Model 1 204.6826 204.683 86.5970 <0.0001 
 Error 1921 4540.5171 2.364   
  C. Total 1922 4745.1997    
400 kPa Model 1 327.8227 327.823 190.1071 <0.0001 
 Error 1921 3312.5924 1.724   
  C. Total 1922 3640.4151    
450 kPa Model 1 77.4301 77.4301 16.8586 <0.0001 
 Error 1921 8822.9757 4.5929   
  C. Total 1922 8900.4058    
500 kPa Model 1 163.3181 163.318 49.2849 <0.0001 
 Error 1921 6365.7295 3.314   
  C. Total 1922 6529.0476    
550 kPa Model 1 118.7102 118.710 41.5810 <0.0001 
 Error 1921 5484.2929 2.855   
  C. Total 1922 5603.0031    
575 kPa Model 1 124.4049 124.405 58.5961 <0.0001 
 Error 1921 4078.4571 2.123   









Table 26.  Analysis of Variance for Phase III of the Isokinetic Rotation Study 
Pressure 
 




F Ratio Prob>F 
275 kPa Model 1 1279693.0 1279693 155263.5 0.0000 
 Error 1921 15833.0 8.242071   
  C. Total 1922 1295526.0    
300 kPa Model 1 1368185.0 1368185 168399.5 0.0000 
 Error 1921 15607.4 8.124638   
  C. Total 1922 1383792.4    
350 kPa Model 1 1362143.5 1362143 414877.3 0.0000 
 Error 1921 6307.1 3.283244   
  C. Total 1922 1368450.6    
400 kPa Model 1 1450311.5 1450312 629439.1 0.0000 
 Error 1921 4426.2 2.04133   
  C. Total 1922 1454737.8    
450 kPa Model 1 1379814.3 1379814 379962.2 0.0000 
 Error 1921 6976.0 3.631452   
  C. Total 1922 1386790.3    
500 kPa Model 1 1542494.5 1542494 339075.9 0.0000 
 Error 1921 8738.8 4.549113   
  C. Total 1922 1551233.3    
550 kPa Model 1 1528020.1 1528020 677271.2 0.0000 
 Error 1921 4334.0 2.256142   
  C. Total 1922 1532354.1    
575 kPa Model 1 1415104.3 1415104 1031189 0.0000 
 Error 1921 2636.2 1.372304   











Table 27. Parameter Estimations for Phase I of the Isokinetic Rotation Study 
Pressure Term Estimate Std. Error T Ratio Prob>|t| 
275 kPa Intercept -9.530958 0.235646 -40.45 <0.0001 
  Time 19.36609 0.081598 237.45 0.0000 
300 kPa Intercept -6.567495 0.13101 -50.13 0.0000 
  Time 19.346717 0.045365 426.46 0.0000 
350 kPa Intercept -6.827239 0.106644 -64.02 0.0000 
  Time 18.989056 0.036928 514.22 0.0000 
400 kPa Intercept -6.273288 0.101089 -62.06 0.0000 
  Time 19.556695 0.035005 558.69 0.0000 
450 kPa Intercept -6.416881 0.178212 -36.01 <0.0001 
  Time 19.083408 0.06171 309.24 0.0000 
500 kPa Intercept -6.609565 0.111707 -59.17 0.0000 
  Time 19.915362 0.038681 514.86 0.0000 
550 kPa Intercept -6.332734 0.143616 -44.10 <0.0001 
  Time 19.973149 0.04973 401.63 0.0000 
575 kPa Intercept -5.404432 0.13677 -39.51 <0.0001 














Table 28. Parameter Estimations for Phase II of the Isokinetic Rotation Study 
Pressure Term Estimate Std. Error T Ratio Prob>|t| 
275 kPa Intercept 85.367623 0.096522 884.44 0.0000 
  Time 0.2758619 0.033423 8.25 <0.0001 
300 kPa Intercept 88.31998 0.106337 830.56 0.0000 
  Time 0.3319566 0.036822 9.02 <0.0001 
350 kPa Intercept 87.164093 0.070036 1244.6 0.0000 
  Time 0.2256804 0.24252 9.31 <0.0001 
400 kPa Intercept 90.375454 0.059821 1510.8 0.0000 
  Time 0.2856097 0.020714 13.79 <0.0001 
450 kPa Intercept 88.823421 0.097628 909.81 0.0000 
  Time 0.138806 0.033806 4.11 <0.0001 
500 kPa Intercept 92.782939 0.082926 1118.9 0.0000 
  Time 0.2015908 0.028715 7.02 <0.0001 
550 kPa Intercept 94.647364 0.076971 1229.6 0.0000 
  Time 0.171869 0.26653 6.45 <0.0001 
575 kPa Intercept 94.41327 0.066377 1422.4 0.0000 














Table 29. Parameter Estimations for Phase III of the Isokinetic Rotation Study 
Pressure Term Estimate Std. Error T Ratio Prob>|t| 
275 kPa Intercept 92.575187 0.130783 707.85 0.0000 
  Time -17.84458 0.045287 -394 0.0000 
300 kPa Intercept 95.331407 0.129848 734.18 0.0000 
  Time -18.45125 0.044963 -410.4 0.0000 
350 kPa Intercept 92.898035 0.082544 1125.2 0.0000 
  Time -18.41047 0.028583 -644.1 0.0000 
400 kPa Intercept 95.617606 0.069149 1382.8 0.0000 
  Time -18.99696 0.023945 -793.4 0.0000 
450 kPa Intercept 92.516332 0.086811 1065.7 0.0000 
  Time -18.5295 0.03006 -616.4 0.0000 
500 kPa Intercept 95.551026 0.097162 983.42 0.0000 
  Time -19.59139 0.033645 -582.3 0.0000 
550 kPa Intercept 95.164052 0.068425 1390.8 0.0000 
  Time -19.49925 0.023694 -823 0.0000 
575 kPa Intercept 94.405289 0.053365 1769 0.0000 
  Time -18.76496 0.018479 -1000 0.0000 
 
 
Plots of actual rotation versus ideal rotation for all three phases at three pressures 
are presented in Figure 36.  Each of these plots displays the deviation of the actual data 
from the ideal data.  Plots for phase II in Figure 36 show a cluster of points around the 
desired-ideal location of 90 degrees, because a steady state task is commanded.  A 
summary of RMSE values and RMSE percent of total displacement values between the 






























































































































































































































































































































































































































































































































































































































































































































































































































Table 30. RMSE Values between the Actual and the Ideal Rotation Data 
 Phase I Phase II Phase III 
Pressure 
(kPa) RMSE 
% of Total 
Rotation RMSE 
% of Total 
Rotation RMSE 
% of Total 
Rotation 
275 8.25 9.17% 4.49 4.99% 4.13 4.59% 
300 4.72 5.24% 2.53 2.81% 5.12 5.69% 
350 5.15 5.72% 2.76 3.07% 2.66 2.96% 
400 3.96 4.40% 1.76 1.96% 3.76 4.18% 
450 5.61 6.23% 2.31 2.57% 2.37 2.63% 
500 4.12 4.58% 3.77 4.19% 3.51 3.90% 
550 4.47 4.97% 5.36 5.96% 2.99 3.32% 








6.1 Characterization of a Phenomenological Model for Commercial  
Pneumatic Muscle Actuators   
Aside from the Reynolds et al. study in 2003, the phenomenological model 
studied in this research has not been applied for the prediction of PMA high force 
dynamic behavior; therefore, it is difficult to draw comparisons between these results and 
others (39).  The previous 2003 study experiments were conducted with a PMA built in-
house; hence variations are expected between the two studies because of differences in 
material properties and construction. 
 When characterizing the contractile force coefficient (Fce) this research found an 
increasing linear relationship between the Fce and pressure which was also seen in the 
Reynolds et al. study (39).  Due to the maximum lifting capacity of the PMA suggested 
by the manufacturer, the highest pressure where an Fce was found was 429 kPa (62.2 psi).  
The linear relationship developed within this range was used to generate a prediction for 
the Fce of pressures up to 550 kPa (79.8 psi).  This assumption was made as a result of 
comparisons to the load-contraction data published by Festo (23).  By extracting the load 
which results in 0% contraction of the PMA at various pressures and plotting these points 
as a function of pressure, a linear relationship is seen between Fce and pressure for a 
region up to 550 kPa (79.8 psi).  The Fce values found in this study were about 10-15% 
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higher than those extracted from the load-contraction plot provided by Festo.  This may 
be due to variations in manufacturing (23).  
 A comparison was also conducted between the experimental Fce of this study and 
the geometric relationship developed in Eq. (8b) of Chou and Hannaford (27).  With a 
maximum contraction diameter of 39.5 mm (1.56 in), the maximum force generated 
would be F[N]=2.46*P[kPa].  Throughout the range of pressures investigated in this 
study, the geometric model solution underpredicts the experimental data as shown in 
Figure 22. 
The Festo pneumatic muscle actuator appears to be stiffer than the one reported 
by Reynolds et al. (39), which is shown in the difference in magnitude of spring 
coefficient (KPMA) from the contraction study.  The spring coefficient in Reynolds et al. 
(2003) is 17-64% lower than those found in this study.  In this research KPMA decreases at 
lower pressures and then begins to increase, whereas the Reynolds et al. (39) study found 
KPMA to steadily increase over the entire pressure range studied.  Although trends are 
evident in the empirical data for the spring coefficient, all data points fall within the mean 
25.1 N/mm ± 25 %; therefore, there is not much variation in the overall stiffness of the 
PMA across the operational pressure range. 
 The contraction damping coefficient (BPMA) values in this phase of research are 
about the same as found by Reynolds et al. at lower pressures and up to 31% lower at 
higher pressures (39).  The relaxation study yielded lower values for relaxation damping 
coefficient (BPMA) compared to those of the contraction study.  This phenomenon has also 
been observed in other experiments (39).  This is primarily due to the fact that the PMA 
is deflating against atmospheric pressure, but inflating against a high pressure.   
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6.2 Characterization of a Pneumatic Muscle Test Station with Two Dynamic  
Plants in Cascade  
 In this phase of research a system transfer function was developed to model the 
interaction of the two dynamic systems in the DTS: PMA and D.C. servo motor.  The 
development of the overall transfer function utilized a combination of a 
phenomenological model of the PMA with a governing equation of a servomechanism for 
the D.C. servo motor.  Open loop linear systems analysis was used to develop a control 
system for the DTS.  By applying a Tustin (bilinear) transform to the overall transfer 
function, an accurate recursion equation was developed.  Model parameters of the 
recursion equation were optimized such that the RMSE values between the predicted and 
actual data points were all less than 0.0018. 
 The accuracy of these methods was verified by the demonstration of an isokinetic 
PMA displacement task.  Since the ideal task was clearly defined, the error between the 
ideal and actual data was used to evaluate the open loop control system.  The RMSE 
values between the actual PMA displacement data and the ideal PMA displacement data 
are all less than 1.92 mm or 7.68 % of the total PMA displacement.  Figure 32 displays 
the accuracy of this method in achieving isokinetic displacement by showing how the 
actual PMA displacement data versus ideal PMA displacement data for a low, medium 
and high PMA pressure follows the line of unity.  Error in this demonstration could be 
reduced by developing a closed loop control system, where position or force feedback 
could be used to obtain more accurate results 
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6.3 Lower Extremity Resistive Exercise Device Utilizing an Antagonist Pneumatic 
Muscle Actuator 
 One of the specific objectives of this phase of research was to demonstrate the 
concept of using a PMA as a source of loading in a resistive training device.  Figures 19 
and 20 summarize the conceptual notion of this application for an isokinetic knee 
extension task.  In this proof-of-concept demonstration the D.C. servo motor represents 
the human quadriceps muscle.  One limitation of this demonstration is that the maximum 
torque of the D.C. servo motor in the DST is less than that of a human quadriceps muscle.  
However, the objective of this study is to demonstrate the feasibility of utilizing the PMA 
as an antagonist in a resistive exercise device.  The simulation on the DTS of an 
isokinetic knee extension task satisfies this objective by demonstrating that a PMA can be 
used to create a resistive load for a human operator to work against.  The strength of this 
simulation is not only to demonstrate the task, but to provide a methodology that can be 
used in future simulations, where the performance of the PMA in potential resistive 
training devices can be evaluated.   
Another objective was to evaluate the range of required moments for the D.C. 
servo motor to overcome the load of the PMA in the DTS and achieve a 0-90
o
 rotation.  
Comparing the required D.C. servo motor torque to complete the task to actual knee 
torque profiles for young healthy males, reveals the maximum motor torque is about 20% 
maximum human knee torque (58).  Since this is a proof-of-concept, it was not a 
requirement of the study for the torque of the D.C. servo motor to be equivalent to the 
human quadriceps muscle.  In an actual resistive training device variations in the size of 
the PMA would vary the resistive load that it generates.  A PMA with a larger diameter 
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would generate a greater load for the human quadriceps muscle to work against.  
Additionally, a configuration of multiple PMAs could be used to provide a wider range of 
resistive loads.  By arranging PMAs in parallel, the contraction forces would be additive.  
Therefore, in the design of a resistive training exercise device utilizing PMAs for 
resistive load, variations in the diameter and number of PMAs would allow the designer 
to achieve an ideal loading.  Many resistive training devices rely on the effect of gravity 
in the loading scheme.  In the unique zero-G environment (space flight) a resistive 
training device which utilizes PMAs as a source of resistive load is especially applicable.  
The resistive load generated by a PMA is solely dependent on the internal pressure of the 
PMA.  Additionally, since the resistive load of a PMA is dependent on the internal PMA 
pressure, such a device may be more applicable in a zero-G environment than other 
resistive training techniques such as elastic straps.  This is due to the fact that as the PMA 
pressure increases, so does the resistive load, where the resistance of an elastic strap may 
not be as easy to vary.   
 For the simulation of the performance of a PMA as a resistive load in an 
isokinetic knee extension task, the final objective was to achieve a D.C. servo motor 
pulley rotation of 0-90
o 
with constant velocity.  For an accurate simulation, it was 
important to demonstrate each phase of motion for the task.  Phase I represents the period 
where the quadriceps muscle contracts moving the lower leg with constant velocity from 
a resting state (perpendicular to the upper leg) to a state under the total resistance of the 
PMA (full extension of the lower leg).  Phase II represents the period in which the 
quadriceps muscle holds its contraction against the resistance of the PMA, keeping the 
lower leg extended.  Phase III represents the period in which the quadriceps muscle 
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relaxes against the resistance of the PMA returning the lower leg to a state of rest with a 
constant velocity.  RMSE was used to evaluate the results of this simulation because it 
provided a means to compare the actual rotation data to the ideal rotation data.  Since the 
requirements of phase I, phase II and phase III were clearly defined, an evaluation of the 
error between the expected results and the actual results was a good method to evaluate 
the ability to simulate the isokinetic knee extension task with an open loop control 
system.  From the RMSE values, it is apparent that there is some error between the actual 
and ideal data.  The maximum percent RMSE value was 9.17 against a pressure of 275 
kPa (39.9 psi).  The majority of this error is due to the fact that an open loop control 
system is used to control the D.C. servo motor.  By utilizing a closed loop control system 
for the D.C. servo motor in this simulation, position or force feedback data could be used 
to reduce the error between the actual and ideal data.  In a real world application the 
ability of a human operator to achieve an isokinetic knee extension would be much more 
accurate than the D.C. servo motor in the DTS.  Therefore, by improving the control 
system for the D.C. servo motor in this simulation, more accurate results can be achieved.  
The RMSE values generate in this experiment can be used to evaluate the improvements 












7.0 Implications of Research (Future Work) 
 
7.1 Improving the PMA Control System 
 The PMA system analyzed in this dissertation utilizes an open loop control 
system generated from a Tustin (bilinear) transform of the overall transfer function.  
From the RMSE values of the results presented in Sections 5.2 and 5.3, it is apparent that 
improvements in the control system are needed.  By incorporating a closed loop control 
system, the accuracy of the simulations would improve.   
 
7.2 Demonstration of Rehabilitation Tasks 
 The individual characterization of the PMA in combination with the 
characterization of the overall DTS allows for the demonstration of a proof-of-concept of 
an isokinetic resistive training device for the lower extremities possibly applicable in a 
microgravity environment.  With the capability to achieve isokinetic displacement and 
rotation as a result of the research described in this dissertation, additional applications 
for the PMA can be proposed and demonstrated.  Also, theoretical analysis and hardware 
adjustments could evaluate the use of additional PMAs in the system to widen the range 
of resistance and displacement. 
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 Additionally, a hardware prototype of the resistive training device utilizing the 
PMA as an antagonist would be useful in proposing specific design requirements to 



























8.1 Characterization of a Phenomenological Model for Commercial  
Pneumatic Muscle Actuators  
The applications of pneumatic muscle actuators are widespread, and their 
characteristics make them especially useful in high force applications in environments 
with humans.  While many studies have made advancements in the characterization of 
PMAs, an accurate mathematical model capable of being used in dynamic control 
systems is of great need.  This dissertation contributes more understanding of the 
dynamic properties of PMAs.  Also, by focusing on commercially available products, it 
adds value to the research.  The results of these experiments expand the general load-
contraction plot provided by Festo by developing displacement equations and by 
including a damping term in the model, the transient portion of displacement can be more 
accurately described.  While an earlier study demonstrated the applicability of a three-
element phenomenological model to a PMA constructed in-house, this phase of research 
reaffirms the applicability of that model to commercially available PMAs. The model 
parameter profiles are defined in a linear manner for a specified operating range.  At high 
pressures the model predicts displacement for up to 95% of the full loading capacity of 
the PMA.  Additional research can also be conducted to further validate the model under 
variable loading conditions for position and load control. 
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8.2 Characterization of a Pneumatic Muscle Test Station with Two Dynamic  
Plants in Cascade  
 By developing a system transfer function and applying a Tustin (bilinear) 
transform, an accurate recursion equation was developed.  This equation with relevant 
model coefficients was used to produce length extension of the PMA with constant 
velocity.  Future studies can utilize this mathematical relationship to demonstrate PMA 
performance in various physical therapy and rehabilitation tasks, where the PMA acts as 
an antagonist generating resistance and the D.C. servo motor represents the human 
operator.  
 
8.3  Lower Extremity Resistive Exercise Device Utilizing an Antagonist Pneumatic 
Muscle Actuator 
 
Effects of microgravity including both bone and muscle loss have been a concern 
related to long duration spaceflight.  Various countermeasures have been presented, 
including that of an exercise program.  Resistive training devices are of great importance 
because they help alleviate the effects due to lack of gravity.  Complex devices absorb 
valuable time in terms of set-up and tear-down tasks.  This phase of research presents a 
demonstration of a potential device that can maximize exercise.  A wider range of loads 
could also be achieved by adjusting the size of the PMA or adding additional PMAs to 
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Governing State Equation for the Phenomenological Model 
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Apply an Inverse Laplace Transform 


































































































































































































































































































































































































































User-Defined Fitting Code for Contraction/ Relaxation Studies 

























































































































































User Manual for Pneumatic Muscle Test Station 




Start Up Procedure 
 
1. Plug in power box (on table), power supply box (on table) and emergency shut 

































































Data Collection Procedure 
 
6. Right click the Simulate Arbitrary Signal PPR Block select properties. 










8. Repeat Steps 6 and 7 for the Simulate Arbitrary Signal Motor Block. 
 
Note:  
Make sure the time scale matches for each profile.  
(Check both the x range and dx.) 
 
Set both signals to 0 V for at least 5 seconds at the end of each profile, so that the 
program can be stopped with an input voltage of 0 V. 
 




10. Ensure that the Safety Shield is back in place. 
 







12. Once the cycle is complete, press the Collection Stop Button shown above. 
 
 120 
13. The data will be saved in Desktop/ LabVIEW Data/ Input/ Test and Desktop/ 
LabVIEW Data/ Output/ Test.  If multiple runs are performed the files will be 
automatically renamed as backup files, so it is a good idea to rename after each 
trial run. 
 
14.  If the command voltage for the PPR and Motor are not at 0 V, open the Null 
Files in each Define Signal Page and run. (This will set all voltages to 0 V.) 
 
Shut Down Procedure 
 
15. Close the main valve on the N2 tank and open the gauge control. 
 
16. Run a pressure profile with a null motor profile.  This will bleed out the 
pressure lines. Once the left gauge reads below 40 psi, the line pressure is low 
wnough to shut down the system. (The PPR might begin to rattle slightly when 
the line pressure is too low to achieve the commanded pressure.  This will stop 
once the voltage is set back to 0 V.) Run the null profile to both the PPR and 
Motor once more.  
 
17. Turn off the power box, power supply box and emergency shut off (motor). (It 
is also a good idea to unplug all of these devices at this point.) 
 


























Shut Down Checklist 
 
_____ Left pressure gauge reads below 40 psi 
 
_____ Both the PPR and Motor Voltages are set to 0V 
 
_____ Power Box, Power Supply Box and Emergency Shut Off Switch are all  
turned off 
 
_____ Power Box, Power Supply Box and Emergency Shut Off Switch are all 
unplugged 
 



































Drive Configuration Procedure 
 
1. Connect the serial cable from the CPU to the J1 Serial Port on the driver. 
 













5. Choose either the Torque Mode_Gain1 or Torque Mode_Gain2. 
 
















9. The driver is now reconfigured and the serial cable can be disconnected and the 












































































































































































































































































































































Table I1. Static Loading Study Data 





























































































































































































































































































































































































































Table I2. Contraction and Relaxation Study Data 
 
Pressure Load Delta L Fce K Bc Br 
155 47.1 17.5 495.9495 25.64854 2.39 1.37 
155 98.5 14.75 495.9495 26.94573 3.46 1.35 
155 146 12.04 495.9495 29.06557 3.59 2 
153 189 9.63 490.1253 31.2695 3.37 2.25 
156 238 8.44 498.8616 30.90777 3.31 1.77 
206 38.8 30.8 644.4666 19.6645 1.31 1.11 
206 83.2 26.5 644.4666 21.17987 1.55 1.12 
205 139 21.7 641.5545 23.15919 2.73 1.15 
207 194 18.1 647.3787 25.04855 3.42 1.31 
207 243 14 647.3787 28.88419 3.29 1.75 
201 287 11.5 629.9061 29.81792 3.87 2.33 
205 330 10.8 641.5545 28.84764 2.44 1.54 
202 372 9.37 632.8182 27.83545 2.01 1.64 
249 45.9 36.1 769.6869 20.0495 1.28 1.42 
250 87 34.3 772.599 19.98831 1.29 1.34 
249 135 29.3 769.6869 21.66167 1.81 1.61 
255 178 28 787.1595 21.7557 2.85 1.09 
253 241 22.1 781.3353 24.44956 3.94 1.45 
256 292 19.7 790.0716 25.28282 4.15 1.78 
249 339 16 769.6869 26.91793 5.22 2.25 
256 386 14.7 790.0716 27.48786 3.2 1.83 
254 426 13 784.2474 27.55749 4.22 1.76 
256 471 12.1 790.0716 26.36955 2.49 1.21 
303 49 44.6 926.9403 19.68476 1.74 1.69 
302 94.7 41.1 924.0282 20.1783 1.5 1.48 
302 138 37.9 924.0282 20.73953 2.86 1.38 
301 180 35.1 921.1161 21.11442 1.75 1.28 
307 221 32.7 938.5887 21.94461 2.09 1.49 
306 271 29.7 935.6766 22.37968 2.39 1.14 
307 327 25.8 938.5887 23.70499 2.92 1.43 
306 384 22.1 935.6766 24.96274 3.53 1.52 
307 437 19.5 938.5887 25.7225 3.47 1.79 
306 483 17.3 935.6766 26.16628 4.57 1.78 
307 524 15.7 938.5887 26.40692 3.34 1.75 
307 565 14.4 938.5887 25.94366 2.26 1.49 
351 56.7 49.1 1066.721 20.57069 1.62 1.9 
356 99.2 46.4 1081.282 21.16555 1.58 1.7 
352 147 43.2 1069.633 21.35725 1.78 1.88 
351 187 40.7 1066.721 21.61477 1.81 1.56 
351 228 37.9 1066.721 22.12984 1.98 1.39 
356 272 36.1 1081.282 22.41777 1.83 1.48 
356 312 33.5 1081.282 22.96363 2.31 1.27 
356 362 30.5 1081.282 23.583 2.71 1.23 
356 423 27.1 1081.282 24.29083 2.88 1.4 
356 479 23.7 1081.282 25.41273 3.35 1.62 
354 532 20.9 1075.457 26.00275 3.24 1.85 
357 578 19.3 1084.194 26.22765 3.2 1.73 
 140 
356 620 17.6 1081.282 26.20918 2.98 2.02 
352 657 15.9 1069.633 25.95177 2.66 1.47 
407 52 53.6 1229.799 21.97386 1.78 2.2 
407 100 50.6 1229.799 22.32804 1.9 2.07 
407 149 48.4 1229.799 22.33055 1.88 1.87 
407 196 45.7 1229.799 22.62142 2.27 1.78 
408 239 43.2 1232.711 23.00256 2.22 2.25 
407 281 40.9 1229.799 23.19801 2.16 2.17 
403 321 38.4 1218.15 23.36329 2.12 1.47 
407 361 36.4 1229.799 23.8681 2.27 1.95 
407 407 33.7 1229.799 24.41539 2.79 1.43 
408 459 31.4 1232.711 24.64047 2.72 1.42 
408 519 28.3 1232.711 25.21946 2.9 1.48 
408 572 25.9 1232.711 25.51007 3.65 1.46 
402 625 22.8 1215.238 25.88764 4.39 1.72 
407 672 21.4 1229.799 26.06536 3.17 1.56 
407 712 19.4 1229.799 26.69065 3.85 1.52 
407 745 18.4 1229.799 26.34776 2.42 1.31 
456 52.4 56.6 1372.492 23.32317 2.39 2.53 
457 96.5 54.4 1375.404 23.50926 2.2 2.33 
457 148 52 1375.404 23.60392 2.41 2.22 
457 196 49.6 1375.404 23.7783 4.19 2.08 
456 245 46.8 1372.492 24.0917 2.45 2.52 
457 291 44.6 1375.404 24.31398 2.69 1.77 
457 331 42.7 1375.404 24.4591 2.31 2.37 
452 369 40.3 1360.843 24.61149 2.62 1.75 
457 414 39.4 1375.404 24.40111 2.97 1.66 
457 455 36.6 1375.404 25.14764 2.79 1.56 
458 499 34.5 1378.316 25.48741 3.95 1.51 
457 551 32.1 1375.404 25.68236 4.23 1.3 
457 612 29.3 1375.404 26.05473 3.43 1.51 
458 663 27.1 1378.316 26.39542 3.24 1.55 
457 712 24.7 1375.404 26.85845 3.26 1.57 
455 759 22.8 1369.58 26.7798 3.09 1.6 
454 800 21.1 1366.667 26.85627 3.04 1.46 
506 52.3 59 1518.097 24.84401 2.49 2.79 
507 96.9 57.4 1521.009 24.81026 2.58 2.55 
507 143 55.4 1521.009 24.8738 2.51 2.43 
507 195 52.7 1521.009 25.16146 2.65 2.38 
507 244 50.4 1521.009 25.33747 2.89 2.07 
506 293 48.2 1518.097 25.41694 3.06 2.04 
506 340 45.9 1518.097 25.66659 2.97 2.04 
507 381 44 1521.009 25.90929 3.02 1.86 
507 421 42 1521.009 26.19068 3.1 1.95 
503 461 40.2 1509.36 26.07861 3.32 2 
506 504 38.5 1518.097 26.34017 3.13 1.6 
507 545 36.9 1521.009 26.4501 3.09 1.64 
507 589 35.1 1521.009 26.55295 3.93 1.49 
505 641 32.6 1515.185 26.81548 3.3 1.42 
507 702 30.3 1521.009 27.02999 3.39 1.41 
 141 
507 755 27.9 1521.009 27.45551 3.64 1.8 
507 799 26.5 1521.009 27.24561 3.64 1.55 
557 51.7 61.3 1666.614 26.34443 2.55 3.23 
557 96.1 59.6 1666.614 26.3509 3.2 2.87 
557 144 57.9 1666.614 26.2973 2.61 2.86 
558 190 55.9 1669.526 26.46737 3.19 2.7 
557 243 53.5 1666.614 26.6096 3.16 2.38 
557 282 51.3 1666.614 26.99052 3.14 2.48 
557 340 49.3 1666.614 26.909 3.14 2.21 
558 389 47.2 1669.526 27.12978 3.21 2.29 
558 431 45.3 1669.526 27.34053 3.39 2.04 
558 471 43.8 1669.526 27.3636 3.45 2.09 
557 510 42.3 1666.614 27.34311 3.39 1.92 
558 550 40.7 1669.526 27.50678 3.44 2.46 
557 593 39 1666.614 27.52856 3.43 2.09 
558 632 37.6 1669.526 27.59377 3.66 1.65 
557 675 35.7 1666.614 27.77629 3.55 1.65 
557 740 33.2 1666.614 27.91005 3.96 1.81 































Table I3. DTS Limitation Study Data 
 
Vm Load Vp Pressure Al Ap Lc ∆L-1 %L1 ∆L-2 %L2 ∆θ-1 ∆θ-2 
0.76 75 2.84 150 66.2 155 27.5 4.7 17.091 4.7 17.091 11.2 10.3 
0.76 75 2.84 150 59.1 154 21.3 4.04 18.967 3.89 18.263 10.4 8.68 
0.76 75 2.84 150 65 155 19.9 3.13 15.729 3.95 19.849 8.49 8.71 
1.46 150 2.84 150 149 155 25.4 12 47.244 11 43.307 28.4 24 
1.46 150 2.84 150 136 154 22.4 10.9 48.661 9.68 43.214 26.7 21.7 
1.46 150 2.84 150 134 152 21.1 9.66 45.782 9.52 45.118 24 21.3 
2.16 225 2.84 150 215 156 25.8 16.6 64.341 15.8 61.24 38.8 35.2 
2.16 225 2.84 150 204 154 23.1 15.4 66.667 14.1 61.039 37 31.9 
2.16 225 2.84 150 204 154 21.9 14.1 64.384 13.8 63.014 34.1 31 
2.86 300 2.84 150 280 159 27.3 21.3 78.022 19.6 71.795 50.6 44.2 
2.86 300 2.84 150 269 154 23.6 18.9 80.085 17.4 73.729 45 39.4 
2.86 300 2.84 150 270 153 22.2 17.4 78.378 17.3 77.928 42.3 39.1 
3.56 375 2.84 150 344 155 27.2 23.8 87.5 22.3 81.985 57 50.2 
3.56 375 2.84 150 339 154 23.5 21.2 90.213 19.7 83.83 50.7 45.1 
3.56 375 2.84 150 334 154 23.1 20.4 88.312 19.5 84.416 48.7 44.2 
4.26 450 2.84 150 409 154 25.5 24.1 94.51 23 90.196 57.5 52.3 
4.26 450 2.84 150 399 154 23.9 23.2 97.071 20.9 87.448 55.4 47.6 
4.26 450 2.84 150 401 154 22.6 21.7 96.018 21.1 93.363 52.3 48.2 
4.96 525 2.84 150 476 155 25.9 26 100.39 24.5 94.595 61.7 55.9 
4.96 525 2.84 150 467 154 23.3 24.1 103.43 22.4 96.137 57.5 51.3 
4.96 525 2.84 150 466 154 23.1 23.6 102.16 22.3 96.537 56.8 51.1 
5.65 600 2.84 150 543 155 25.6 26.9 105.08 25.4 99.219 64.1 57.9 
5.65 600 2.84 150 534 154 23.9 25.8 107.95 23.7 99.163 61.8 54.4 
5.65 600 2.84 150 535 154 22.9 24.5 106.99 23.4 102.18 58.5 53.8 
6.35 675 2.84 150 607 155 27.9 30.4 108.96 28.1 100.72 71.8 63.9 
6.35 675 2.84 150 606 154 24.1 26.7 110.79 24.9 103.32 64 57.5 
6.35 675 2.84 150 603 154 23.7 26.3 110.97 24.5 103.38 63.1 56.5 
7.05 750 2.84 150 685 158 26.5 29.9 112.83 27.7 104.53 69.8 63.1 
7.05 750 2.84 150 679 154 24.3 28 115.23 26.4 108.64 67.3 60.9 
7.05 750 2.84 150 681 155 23.1 26.6 115.15 25.4 109.96 64.2 58.7 
7.75 825 2.84 150 758 155 24.9 29 116.47 28 112.45 68.3 64.3 
7.75 825 2.84 150 750 156 24.4 29.2 119.67 26.7 109.43 70.2 62 
7.75 825 2.84 150 748 154 24.2 28.6 118.18 26.6 109.92 68.2 61.5 
8.45 900 2.84 150 831 156 27.4 32.7 119.34 30.6 111.68 77.3 70.2 
8.45 900 2.84 150 824 155 24.6 30 121.95 27.8 113.01 72.2 64.5 
8.45 900 2.84 150 824 156 23.2 28.4 122.41 28 120.69 68.3 64.9 
0.76 75 3.68 200 76 206 36.2 4.74 13.094 4.97 13.729 11.4 11.1 
0.76 75 3.68 200 54.1 208 34.6 4.11 11.879 3.47 10.029 11.1 8.16 
0.76 75 3.68 200 54.7 206 33.2 3.43 10.331 3.91 11.777 9.29 9 
1.46 150 3.68 200 145 206 36.4 12 32.967 11.3 31.044 28.6 25.5 
1.46 150 3.68 200 122 205 34.8 11.2 32.184 10.1 29.023 27.3 23 
1.46 150 3.68 200 121 205 34.5 10.6 30.725 10 28.986 26.3 22.7 
2.16 225 3.68 200 218 204 35.1 18.2 51.852 17.7 50.427 43.3 40.1 
2.16 225 3.68 200 205 206 34.2 17.5 51.17 16.9 49.415 41.8 38.4 
 143 
2.16 225 3.68 200 204 204 34.7 18 51.873 17.1 49.28 42.8 38.7 
2.86 300 3.68 200 291 206 37.1 24.9 67.116 23.7 63.881 59.4 54 
2.86 300 3.68 200 282 205 34.6 23.7 68.497 22.8 65.896 55.5 51.6 
2.86 300 3.68 200 278 204 34.3 22.9 66.764 22.6 65.889 54 51 
3.56 375 3.68 200 349 205 36.9 28.2 76.423 27 73.171 66.4 61.2 
3.56 375 3.68 200 344 204 34.8 27.4 78.736 26.4 75.862 64.1 59.5 
3.56 375 3.68 200 342 205 35.1 27.2 77.493 26.3 74.929 63.5 59.5 
4.26 450 3.68 200 412 206 36.2 30.5 84.254 29.4 81.215 71.1 66.8 
4.26 450 3.68 200 404 204 34.2 29.6 86.55 28.3 82.749 69 64.2 
4.26 450 3.68 200 405 205 34.3 29.4 85.714 28.3 82.507 68.6 64.1 
4.96 525 3.68 200 477 205 36.7 33.3 90.736 32.1 87.466 77.6 72.8 
4.96 525 3.68 200 473 204 34.1 31.7 92.962 30.7 90.029 74 69.4 
4.96 525 3.68 200 470 205 33.8 31 91.716 30.8 91.124 72.2 70 
5.65 600 3.68 200 543 207 36.3 34.7 95.592 33.5 92.287 80.7 76 
5.65 600 3.68 200 534 205 34.3 33.5 97.668 32.7 95.335 78.2 73.9 
5.65 600 3.68 200 537 205 33.9 32.8 96.755 32.6 96.165 76.2 73.7 
6.35 675 3.68 200 606 206 36.4 36.3 99.725 35.1 96.429 84.7 79.8 
6.35 675 3.68 200 599 204 34.9 35.3 101.15 34.1 97.708 82 77.2 
6.35 675 3.68 200 602 205 34.1 34.4 100.88 34 99.707 79.9 77.2 
7.05 750 3.68 200 678 206 36.5 37.6 103.01 36.1 98.904 87.5 81.9 
7.05 750 3.68 200 671 204 34.6 36.6 105.78 35.5 102.6 84.8 80.5 
7.05 750 3.68 200 671 205 34.3 35.8 104.37 35.4 103.21 83.5 80.3 
7.75 825 3.68 200 744 207 37 39.4 106.49 38 102.7 91.6 86.3 
7.75 825 3.68 200 741 204 35.3 38 107.65 36.5 103.4 88.2 82.8 
7.75 825 3.68 200 736 204 34.4 36.9 107.27 36.1 104.94 85.6 82.2 
8.45 900 3.68 200 823 205 32.6 35.5 108.9 35.1 107.67 83.8 79.7 
8.45 900 3.68 200 812 206 35 38.6 110.29 37.4 106.86 89.6 85.2 
8.45 900 3.68 200 809 204 34.8 38.2 109.77 37.4 107.47 88.8 85.1 
0.76 75 4.51 250 75.7 256 43.4 4 9.2166 4.11 9.47 9.87 8.9 
0.76 75 4.51 250 65.4 205 42.2 3.93 9.3128 3.93 9.3128 10.3 8.93 
0.76 75 4.51 250 58.7 205 41.2 3.28 7.9612 3.82 9.2718 8.99 8.7 
1.46 150 4.51 250 143 255 44.3 11 24.831 10.6 23.928 27.6 24 
1.46 150 4.51 250 124 261 42.1 9.66 22.945 9.48 22.518 23.7 21.6 
1.46 150 4.51 250 125 254 41.7 8.83 21.175 9.25 22.182 21.7 21.2 
2.16 225 4.51 250 210 255 44.6 17.6 39.462 16.5 36.996 42.7 37.7 
2.16 225 4.51 250 193 254 42.9 16 37.296 15 34.965 38.7 34.7 
2.16 225 4.51 250 191 257 42.2 15.3 36.256 15.2 36.019 37.2 35.1 
2.86 300 4.51 250 287 257 44.5 23.4 52.584 22.8 51.236 56.1 52.4 
2.86 300 4.51 250 269 257 42.6 22.4 52.582 21.7 50.939 53.1 49.7 
2.86 300 4.51 250 270 255 42.6 22.4 52.582 22.1 51.878 52.7 50.2 
3.56 375 4.51 250 363 255 43.6 28.9 66.284 28.1 64.45 68.7 64.5 
3.56 375 4.51 250 348 254 43.2 28.7 66.435 27.7 64.12 67 62.8 
3.56 375 4.51 250 352 254 42.9 28.5 66.434 28 65.268 66.5 63.5 
4.26 450 4.51 250 430 256 43.9 33.1 75.399 32.1 73.121 77.7 73 
4.26 450 4.51 250 417 254 42.7 32.4 75.878 32 74.941 74.7 72.1 
4.26 450 4.51 250 418 254 42.5 32.1 75.529 31.9 75.059 74.2 72.2 
4.96 525 4.51 250 492 256 44.8 36.8 82.143 35.6 79.464 87 81 
4.96 525 4.51 250 479 254 43.2 35.9 83.102 35 81.019 82.8 78.8 
 144 
4.96 525 4.51 250 477 254 42.6 35.1 82.394 34.9 81.925 80.7 78.6 
5.65 600 4.51 250 546 256 44.7 39.1 87.472 37.7 84.34 91.4 85.4 
5.65 600 4.51 250 540 254 42.7 38.2 89.461 37.2 87.119 87.8 83.9 
5.65 600 4.51 250 537 254 42.7 37.6 88.056 37.3 87.354 86.4 83.9 
6.35 675 4.51 250 612 256 44.1 40.7 92.29 39.9 90.476 95 90.6 
6.35 675 4.51 250 602 254 43.2 40.7 94.213 39.2 90.741 93.6 88.3 
6.35 675 4.51 250 605 254 42.6 39.6 92.958 39.4 92.488 90.8 88.6 
7.05 750 4.51 250 674 256 45 43.2 96 41.7 92.667 101 94.9 
7.05 750 4.51 250 672 254 43.3 42.5 98.152 41.1 94.919 97.7 92.4 
7.05 750 4.51 250 672 255 43.2 42 97.222 41.1 95.139 96.2 92.2 
7.75 825 4.51 250 749 255 40 39.6 99 39.3 98.25 92.7 89.2 
7.75 825 4.51 250 734 255 43.3 44.1 101.85 42.5 98.152 101 95.6 
7.75 825 4.51 250 731 254 43.3 43.5 100.46 42.4 97.921 99.9 95.3 
8.45 900 4.51 250 811 255 43 44 102.33 43.4 100.93 103 94.5 
8.45 900 4.51 250 801 254 43.3 45.1 104.16 43.7 100.92 104 98.4 
8.45 900 4.51 250 799 254 43 44.4 103.26 43.5 101.16 102 98.1 
0.76 75 4.93 275 71.8 289 45.1 3.57 0.0792 3.21 0.0712 10.6 6.9 
0.76 75 4.93 275 73.2 285 43.4 2.88 0.0664 3.44 0.0793 7.31 7.36 
0.76 75 4.93 275 72.8 294 48.2 3.84 0.0797 3.91 0.0811 11.1 8.69 
1.46 150 4.93 275 144 290 45.9 9.81 0.2137 8.9 0.1939 25.3 19.9 
1.46 150 4.93 275 141 289 45.2 9.09 0.2011 8.68 0.192 23.2 19.3 
1.46 150 4.93 275 144 287 47.8 10.6 0.2218 10.1 0.2113 26.6 22.7 
2.16 225 4.93 275 208 287 46.2 15.9 0.3442 14.4 0.3117 39.5 32.5 
2.16 225 4.93 275 207 284 45.4 15.1 0.3326 14.4 0.3172 37.6 32.4 
2.16 225 4.93 275 211 288 47.9 16.6 0.3466 15.9 0.3319 40.7 35.9 
2.86 300 4.93 275 272 285 46.2 21.3 0.461 19.6 0.4242 52 44.3 
2.86 300 4.93 275 272 285 45.8 20.8 0.4541 19.9 0.4345 50.9 44.8 
2.86 300 4.93 275 283 288 47.9 22.5 0.4697 21.8 0.4551 54.3 49.7 
3.56 375 4.93 275 363 285 45.1 27 0.5987 26.6 0.5898 64.9 60.1 
3.56 375 4.93 275 358 285 46 27.5 0.5978 26.4 0.5739 65.8 59.6 
3.56 375 4.93 275 357 288 47.9 28.1 0.5866 27.4 0.572 67 62 
4.26 450 4.93 275 438 285 46.4 33.3 0.7177 31.5 0.6789 78.8 71 
4.26 450 4.93 275 439 286 46 32.7 0.7109 31.6 0.687 77.6 71.4 
4.26 450 4.93 275 425 289 48.2 33 0.6846 31.8 0.6598 77.8 71.7 
4.96 525 4.93 275 500 285 46.5 36.7 0.7892 34.7 0.7462 86.3 78 
4.96 525 4.93 275 496 286 45.9 35.6 0.7756 34.6 0.7538 84.1 77.7 
4.96 525 4.93 275 481 287 48.1 36.4 0.7568 35.2 0.7318 85.4 79.3 
5.65 600 4.93 275 557 286 46.2 38.9 0.842 37.5 0.8117 91.2 84.3 
5.65 600 4.93 275 555 285 46.5 38.9 0.8366 37.4 0.8043 91.3 84.1 
5.65 600 4.93 275 544 287 48.1 39.7 0.8254 38.4 0.7983 93 86.5 
6.35 675 4.93 275 614 285 46.1 41.2 0.8937 39.7 0.8612 96.3 88.8 
6.35 675 4.93 275 615 286 46.5 41.2 0.886 39.8 0.8559 95.9 89.1 
6.35 675 4.93 275 612 287 47.9 42.1 0.8789 41 0.8559 98 91.7 
7.05 750 4.93 275 675 285 46.6 43.5 0.9335 41.6 0.8927 101 93.4 
7.05 750 4.93 275 674 286 46.4 43 0.9267 41.3 0.8901 100 92.7 
7.05 750 4.93 275 674 287 46.6 44.4 0.9528 43.1 0.9249 103 96.6 
7.75 825 4.93 275 745 286 46.6 45.4 0.9742 43.5 0.9335 106 97.8 
7.75 825 4.93 275 747 286 46.1 44.5 0.9653 43.2 0.9371 103 96.7 
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7.75 825 4.93 275 739 287 47.9 46 0.9603 44.8 0.9353 107 100 
8.45 900 4.93 275 799 286 46.4 46.2 0.9957 44.4 0.9569 108 99.7 
8.45 900 4.93 275 801 286 46.4 46 0.9914 44.5 0.9591 107 99.7 
8.45 900 4.93 275 808 287 48 47.8 0.9958 46.2 0.9625 111 104 
0.76 75 5.35 300 71.6 308 50.6 4.14 0.0818 3.86 0.0763 11.2 8.42 
0.76 75 5.35 300 76.3 316 49 3.78 0.0771 3.24 0.0661 10.2 7.01 
0.76 75 5.35 300 75.6 312 48.4 3.27 0.0676 3.28 0.0678 9.15 6.91 
1.46 150 5.35 300 146 312 48.7 9.5 0.1951 8.67 0.178 23.9 19.2 
1.46 150 5.35 300 147 316 48.9 9.1 0.1861 8.35 0.1708 23.1 18.7 
1.46 150 5.35 300 146 305 50.3 10.5 0.2087 9.96 0.198 26.7 22.5 
2.16 225 5.35 300 206 1310 49.3 15.1 0.3063 13.7 0.2779 37 30.6 
2.16 225 5.35 300 205 311 49.1 14.6 0.2974 13.6 0.277 35.7 30.8 
2.16 225 5.35 300 211 305 48.1 14.8 0.3077 14.4 0.2994 36.3 33 
2.86 300 5.35 300 271.3 313 48.6 19.6 0.4033 18.7 0.3848 47.8 42.5 
2.86 300 5.35 300 266 312 47.8 18.6 0.3891 18.5 0.387 44.6 41.8 
2.86 300 5.35 300 279 307 50.6 21.6 0.4269 20.4 0.4032 52.9 46.9 
3.56 375 5.35 300 339 312 48.8 25 0.5123 23.8 0.4877 59.9 54 
3.56 375 5.35 300 347 312 48.5 25 0.5155 24.6 0.5072 59.7 55.7 
3.56 375 5.35 300 344 306 50.7 26.6 0.5247 25.8 0.5089 64.3 59.4 
4.26 450 5.35 300 433 312 49.2 31.8 0.6463 30.6 0.622 69.2 69.2 
4.26 450 5.35 300 432 312 49.2 31.6 0.6423 30.5 0.6199 69 69 
4.26 450 5.35 300 430 305 50.2 32.4 0.6454 31.1 0.6195 77.4 71.2 
4.96 525 5.35 300 508 312 49.3 36.7 0.7444 35 0.7099 86.2 79.1 
4.96 525 5.35 300 508 312 48.6 35.7 0.7346 35.1 0.7222 83.7 79.2 
4.96 525 5.35 300 503 306 50.5 36.9 0.7307 36.3 0.7188 87.9 83.5 
5.65 600 5.35 300 568 312 49.4 39.8 0.8057 38.1 0.7713 92.8 85.5 
5.65 600 5.35 300 567 311 49.1 39.2 0.7984 38.1 0.776 91.4 85.6 
5.65 600 5.35 300 561 305 49.7 39.7 0.7988 38.6 0.7767 93.5 87.7 
6.35 675 5.35 300 628 312 49.5 42.5 0.8586 40.7 0.8222 98.5 91.2 
6.35 675 5.35 300 625 311 48.9 41.5 0.8487 40.7 0.8323 96.3 91.2 
6.35 675 5.35 300 624 305 50 42.5 0.85 41.1 0.822 99.5 93.3 
7.05 750 5.35 300 689 311 49.1 44.4 0.9043 43.1 0.8778 103 96.6 
7.05 750 5.35 300 689 311 49 44 0.898 43 0.8776 102 96.4 
7.05 750 5.35 300 680 305 50.1 44.7 0.8922 43.4 0.8663 105 98.6 
7.75 825 5.35 300 745 312 49.3 46.6 0.9452 45.4 0.9209 108 102 
7.75 825 5.35 300 744 312 49.8 46 0.9237 45.6 0.9157 107 103 
7.75 825 5.35 300 743 306 50.2 47.1 0.9382 45.9 0.9143 110 104 
8.45 900 5.35 300 808 312 49.7 48.3 0.9718 47.1 0.9477 112 105 
8.45 900 5.35 300 809 312 49.5 47.7 0.9636 46.9 0.9475 111 105 
8.45 900 5.35 300 811 306 50.4 49 0.9722 47.4 0.9405 134 107 
0.76 75 6.18 350 75.5 367 52.6 3.13 0.0595 3 0.057 8.45 6.21 
0.76 75 6.18 350 74.1 361 51.8 2.71 0.0523 3.07 0.0593 6.69 6.43 
0.76 75 6.18 350 65.5 360 54.4 3.31 0.0608 2.97 0.0546 9.88 6.6 
1.46 150 6.18 350 149 365 53 8.71 0.1643 8.33 0.1572 21.7 18.3 
1.46 150 6.18 350 146 365 52.8 8.28 0.1568 8.15 0.1544 21 18.2 
1.46 150 6.18 350 141 358 54 8.93 0.1654 8.26 0.153 23.5 18.5 
2.16 225 6.18 350 215 361 52.8 13.7 0.2595 13.2 0.25 32.4 29.4 
2.16 225 6.18 350 214 360 52.8 13.5 0.2557 13.2 0.25 33.3 29.6 
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2.16 225 6.18 350 218 356 54.4 15.1 0.2776 14 0.2574 38.3 32.3 
2.86 300 6.18 350 276 362 53 18.4 0.3472 17.6 0.3321 43.5 39.9 
2.86 300 6.18 350 273 361 53.5 18.1 0.3383 17.3 0.3234 43.5 38.9 
2.86 300 6.18 350 283 359 53.7 19.4 0.3613 18.6 0.3464 48.1 43.2 
3.56 375 6.18 350 337 360 53 23 0.434 22.21 0.4191 53.9 50 
3.56 375 6.18 350 341 365 53.2 22.6 0.4248 21.9 0.4117 53.6 49.6 
3.56 375 6.18 350 346 355 54.8 24.6 0.4489 23.6 0.4307 60.5 54.9 
4.26 450 6.18 350 407 361 53.3 27.9 0.5235 26.9 0.5047 65.4 60.8 
4.26 450 6.18 350 403 363 53.5 27.3 0.5103 26.6 0.4972 64.9 60.5 
4.26 450 6.18 350 417 355 53.1 28.4 0.5348 27.6 0.5198 68.3 63.7 
4.96 525 6.18 350 492 360 53.8 34 0.632 32.3 0.6004 80 72.8 
4.96 525 6.18 350 500 361 53.8 33.9 0.6301 33.1 0.6152 80 74.9 
4.96 525 6.18 350 492 355 54.3 34.2 0.6298 32.9 0.6059 82 75.6 
5.65 600 6.18 350 573 362 53.4 38.1 0.7135 36.8 0.6891 88.8 83.1 
5.65 600 6.18 350 573 361 53.5 37.8 0.7065 37.1 0.6935 87.7 83.5 
5.65 600 6.18 350 578 356 52.8 37.9 0.7178 37.2 0.7045 90.1 85.5 
6.35 675 6.18 350 642 361 53.5 41.7 0.7794 40.6 0.7589 96.7 91.5 
6.35 675 6.18 350 642 360 52.5 41.5 0.7905 40.6 0.7733 96 91.5 
6.35 675 6.18 350 640 355 54.4 42.2 0.7757 41.7 0.7665 100 95.9 
7.05 750 6.18 350 709 361 53.6 45 0.8396 43.5 0.8116 104 97.8 
7.05 750 6.18 350 702 361 53.6 44.2 0.8246 43.5 0.8116 102 97.9 
7.05 750 6.18 350 697 356 54.5 44.9 0.8239 44 0.8073 106 100 
7.75 825 6.18 350 769 361 53.5 47.2 0.8822 45.8 0.8561 109 103 
7.75 825 6.18 350 761 362 52.6 46.5 0.884 45.5 0.865 107 102 
7.75 825 6.18 350 757 355 54.6 47.4 0.8681 46.3 0.848 111 105 
8.45 900 6.18 350 823 362 53.8 49 0.9108 47.6 0.8848 113 107 
8.45 900 6.18 350 818 362 53.5 48.3 0.9028 47.5 0.8879 111 106 
8.45 900 6.18 350 814 354 54 49.1 0.9093 47.7 0.8833 116 109 
0.76 75 7.02 400 69 412 56.5 2.8 0.0496 2.57 0.0455 7.45 5.61 
0.76 75 7.02 400 70.2 413 56.5 2.31 0.0409 2.54 0.045 5.91 5.47 
0.76 75 7.02 400 68.2 412 57.2 2.6 0.0455 2.62 0.0458 7.97 5.79 
1.46 150 7.02 400 137 412 56.6 7.3 0.129 6.8 0.1201 18.3 15.3 
1.46 150 7.02 400 138 412 56.6 7.01 0.1239 6.84 0.1208 17.2 15.1 
1.46 150 7.02 400 138 408 57.1 7.4 0.1296 7.18 0.1257 19.5 16.4 
2.16 225 7.02 400 213 412 56.7 12.6 0.2222 11.8 0.2081 30.5 26.5 
2.16 225 7.02 400 217 411 56.7 12.5 0.2205 12 0.2116 30.2 27.2 
2.16 225 7.02 400 217 409 57.1 13 0.2277 12.3 0.2154 33.2 28.5 
2.86 300 7.02 400 291 411 56.5 17.9 0.3168 17 0.3009 42.4 38.5 
2.86 300 7.02 400 288 412 56.6 17.2 0.3039 16.7 0.2951 40.9 37.8 
2.86 300 7.02 400 288 405 57.1 17.9 0.3135 17.3 0.303 44.8 40.6 
3.56 375 7.02 400 352 411 56.8 22.1 0.3891 21 0.3697 52 47.6 
3.56 375 7.02 400 351 411 56.6 21.5 0.3799 20.8 0.3675 50.7 47.2 
3.56 375 7.02 400 352 406 56.4 21.8 0.3865 21.5 0.3812 53.5 50 
4.26 450 7.02 400 409 411 56.6 25.7 0.4541 24.7 0.4364 60.6 55.9 
4.26 450 7.02 400 412 413 56.7 25.4 0.448 24.7 0.4356 59.4 56 
4.26 450 7.02 400 414 405 57.2 26.3 0.4598 25.7 0.4493 63.7 59.8 
4.96 525 7.02 400 472 413 56.7 29.6 0.522 28.4 0.5009 70.6 64.7 
4.96 525 7.02 400 470 411 56.9 29.3 0.5149 28.4 0.4991 68.6 64.5 
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4.96 525 7.02 400 476 406 57.5 30.2 0.5252 29.4 0.5113 73 68.1 
5.65 600 7.02 400 555 412 57.1 34.8 0.6095 33.5 0.5867 82.1 76.2 
5.65 600 7.02 400 556 412 57.2 34.5 0.6031 33.5 0.5857 81.1 76 
5.65 600 7.02 400 568 405 55.6 34.6 0.6223 34.2 0.6151 83 78.6 
6.35 675 7.02 400 628 412 57 38.6 0.6772 37.6 0.6596 90.5 85.4 
6.35 675 7.02 400 624 412 57.2 38.4 0.6713 37.4 0.6538 90.9 85.3 
6.35 675 7.02 400 636 407 57.5 39.3 0.6835 38.6 0.6713 93.3 88.9 
7.05 750 7.02 400 692 412 56.9 41.9 0.7364 40.7 0.7153 98.3 91.9 
7.05 750 7.02 400 705 411 57.1 42.4 0.7426 41.5 0.7268 99.1 93.7 
7.05 750 7.02 400 714 406 56.7 42.9 0.7566 42.5 0.7496 101 97.8 
7.75 825 7.02 400 765 416 57 44.9 0.7877 44.3 0.7772 105 99.3 
7.75 825 7.02 400 762 413 57.1 44.9 0.7863 44.3 0.7758 105 100 
7.75 825 7.02 400 778 406 57.3 45.9 0.801 45.6 0.7958 108 105 
8.45 900 7.02 400 818 412 57 47.5 0.8333 46.4 0.814 110 104 
8.45 900 7.02 400 834 412 57.1 48 0.8406 47.2 0.8266 110 106 
8.45 900 7.02 400 834 406 54.7 46.1 0.8428 46.2 0.8446 108 105 
0.76 75 7.85 450 68.6 462 59.2 2.46 0.0416 2.32 0.0392 6.87 5.15 
0.76 75 7.85 450 70.3 462 59.5 2.49 0.0418 2.42 0.0407 6.78 5.18 
0.76 75 7.85 450 70.9 461 59.7 2.51 0.042 2.69 0.0451 7.23 6.21 
1.46 150 7.85 450 140 464 59.2 6.59 0.1113 6.32 0.1068 16.5 14.3 
1.46 150 7.85 450 140 468 59.5 6.39 0.1074 6.23 0.1047 16.5 14.1 
1.46 150 7.85 450 134 456 59.3 6.51 0.1098 6.24 0.1052 17.6 14.3 
2.16 225 7.85 450 213 463 59.1 11.4 0.1929 10.8 0.1827 27.7 24.4 
2.16 225 7.85 450 215 464 59.3 11.2 0.1889 10.9 0.1838 27.5 24.9 
2.16 225 7.85 450 210 456 59.5 11.3 0.1899 10.9 0.1832 28.9 25.7 
2.86 300 7.85 450 292 463 59.1 16.4 0.2775 15.7 0.2657 39.4 35.6 
2.86 300 7.85 450 292 463 59.4 16 0.2694 15.6 0.2626 38.9 36 
2.86 300 7.85 450 289 456 59.5 16.2 0.2723 15.6 0.2622 41 36.6 
3.56 375 7.85 450 356 463 60 20.5 0.3417 19.7 0.3283 51 45.2 
3.56 375 7.85 450 354 462 60.3 20.3 0.3367 19.7 0.3267 49.8 45.4 
3.56 375 7.85 450 357 455 59.3 20.5 0.3457 19.7 0.3322 51.1 46.1 
4.26 450 7.85 450 417 462 59.8 24.7 0.413 23.5 0.393 61.1 54 
4.26 450 7.85 450 419 463 60.1 24.4 0.406 23.5 0.391 60.4 53.8 
4.26 450 7.85 450 424 457 59.8 24.7 0.413 23.9 0.3997 60.5 55.8 
4.96 525 7.85 450 484 463 59.8 28.6 0.4783 27.4 0.4582 69.4 62.7 
4.96 525 7.85 450 479 463 60.2 28.1 0.4668 27.1 0.4502 68.3 62.1 
4.96 525 7.85 450 480 455 59.6 28 0.4698 27.2 0.4564 67.6 63.2 
5.65 600 7.85 450 544 462 60.1 31.9 0.5308 30.8 0.5125 77.2 70.7 
5.65 600 7.85 450 545 461 60.2 31.9 0.5299 31 0.515 77.3 70.9 
5.65 600 7.85 450 547 456 60 31.8 0.53 31 0.5167 76.9 72.3 
6.35 675 7.85 450 620 462 59.9 36.2 0.6043 35.1 0.586 86.7 80.5 
6.35 675 7.85 450 619 461 60.2 35.9 0.5963 35 0.5814 86.4 79.9 
6.35 675 7.85 450 622 455 60 35.7 0.595 34.9 0.5817 85.4 80.8 
7.05 750 7.85 450 713 463 60 40.9 0.6817 39.6 0.66 97.1 90.4 
7.05 750 7.85 450 709 461 60.2 40.7 0.6761 39.8 0.6611 96.8 90.9 
7.05 750 7.85 450 714 456 60 40.2 0.67 39.5 0.6583 96 91.4 
7.75 825 7.85 450 779 462 60.1 44 0.7321 42.9 0.7138 104 97.9 
7.75 825 7.85 450 777 463 60.3 43.7 0.7247 42.8 0.7098 104 97.7 
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7.75 825 7.85 450 781 457 60 43.4 0.7233 43 0.7167 103 99.4 
8.45 900 7.85 450 847 462 60.1 47.1 0.7837 45.9 0.7637 111 105 
8.45 900 7.85 450 849 462 60.1 46.7 0.777 46.1 0.7671 111 105 
8.45 900 7.85 450 855 456 58.4 45.8 0.7842 45.4 0.7774 108 104 
0.76 75 8.68 500 69.8 510 60.7 2.16 0.0356 2.15 0.0354 6.11 4.53 
0.76 75 8.68 500 73.3 511 60.8 2.2 0.0362 2.35 0.0387 6.8 5.15 
0.76 75 8.68 500 64.3 506 61.6 2.21 0.0359 2.224 0.0361 7.04 4.92 
1.46 150 8.68 500 137 511 61 5.91 0.0969 5.65 0.0926 14.8 12.7 
1.46 150 8.68 500 136 510 61 5.57 0.0913 5.5 0.0902 14.5 12.6 
1.46 150 8.68 500 132 510 61.7 5.9 0.0956 5.61 0.0909 16.3 13.2 
2.16 225 8.68 500 206 509 61.2 9.82 0.1605 9.46 0.1546 24.2 21.7 
2.16 225 8.68 500 206 510 61.2 9.65 0.1577 9.38 0.1533 23.8 21.4 
2.16 225 8.68 500 208 507 61.2 9.77 0.1596 9.7 0.1585 25 22.8 
2.86 300 8.68 500 285 511 61 14.5 0.2377 13.9 0.2279 34.8 31.7 
2.86 300 8.68 500 288 509 61.1 14.5 0.2373 14.1 0.2308 34.6 32.1 
2.86 300 8.68 500 285 511 61.7 14.5 0.235 14.2 0.2301 36.1 33.3 
3.56 375 8.68 500 365 510 61.1 19.3 0.3159 18.4 0.3011 45.9 42.2 
3.56 375 8.68 500 361 509 61.2 18.7 0.3056 18.2 0.2974 44.9 41.6 
3.56 375 8.68 500 358 505 61.9 19.2 0.3102 18.4 0.2973 47.5 43.4 
4.26 450 8.68 500 430 509 61.2 23 0.3758 22.1 0.3611 54.6 50.6 
4.26 450 8.68 500 430 509 61.3 22.7 0.3703 22.1 0.3605 53.6 50.4 
4.26 450 8.68 500 428 505 61.3 22.5 0.367 22.1 0.3605 55 51.7 
4.96 525 8.68 500 490 509 61.3 26.5 0.4323 25.4 0.4144 62.5 58.2 
4.96 525 8.68 500 487 510 61.3 25.7 0.4192 25.2 0.4111 60.7 57.5 
4.96 525 8.68 500 491 505 61.8 26.4 0.4272 25.7 0.4159 64.1 60 
5.65 600 8.68 500 547 510 61.2 29.5 0.482 28.5 0.4657 69.7 65.1 
5.65 600 8.68 500 547 511 61.4 28.9 0.4707 28.4 0.4625 67.9 64.7 
5.65 600 8.68 500 551 504 61.3 29.4 0.4796 28.8 0.4698 70.8 67.1 
6.35 675 8.68 500 605 510 61.4 32.7 0.5326 31.5 0.513 77.6 71.9 
6.35 675 8.68 500 607 510 61.5 32.3 0.5252 31.6 0.5138 76.1 72.6 
6.35 675 8.68 500 614 505 61.7 32.7 0.53 31.9 0.517 78.9 74.3 
7.05 750 8.68 500 673 512 61.7 36.1 0.5851 34.8 0.564 85.4 79.5 
7.05 750 8.68 500 672 510 61.6 35.6 0.5779 34.9 0.5666 83.8 79.9 
7.05 750 8.68 500 680 506 61.6 36 0.5844 35.2 0.5714 86.4 81.9 
7.75 825 8.68 500 745 515 61.6 39.2 0.6364 38.1 0.6185 92.5 87.1 
7.75 825 8.68 500 749 510 61.7 39.5 0.6402 38.7 0.6272 92.8 88.5 
7.75 825 8.68 500 782 505 61 40.4 0.6623 39.9 0.6541 96 92.3 
8.45 900 8.68 500 848 510 61.7 44.3 0.718 43.2 0.7002 104 98.3 
8.45 900 8.68 500 849 510 61.8 44 0.712 43.3 0.7006 102 98.6 
8.45 900 8.68 500 853 505 61.1 43.6 0.7136 43.4 0.7103 103 101 
0.76 75 9.52 550 71.1 561 63.2 2.38 0.0377 2.37 0.0375 6.46 5.15 
0.76 75 9.52 550 71.3 562 63.5 2.19 0.0345 2.42 0.0381 6.2 5.2 
0.76 75 9.52 550 71.1 562 63.2 2.18 0.0345 2.09 0.0331 6.97 4.67 
1.46 150 9.52 550 138 561 63.4 5.85 0.0923 5.75 0.0907 15.1 13.2 
1.46 150 9.52 550 140 563 63.7 5.84 0.0917 5.7 0.0895 15 12.9 
1.46 150 9.52 550 134 556 63.3 5.59 0.0883 5.47 0.0864 15.3 12.9 
2.16 225 9.52 550 203 565 63.6 9.18 0.1443 8.9 0.1399 23.4 20.6 
2.16 225 9.52 550 204 568 63.7 9.05 0.1421 8.92 0.14 22.7 20.6 
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2.16 225 9.52 550 201 557 63.5 9.1 0.1433 8.7 0.137 24.5 21 
2.86 300 9.52 550 275 567 63.4 13 0.205 12.6 0.1987 32.3 29.1 
2.86 300 9.52 550 281 564 63.6 13.2 0.2075 12.9 0.2028 32.4 29.8 
2.86 300 9.52 550 276 561 63.3 12.9 0.2038 12.4 0.1959 33 29.3 
3.56 375 9.52 550 356 561 63.3 17.7 0.2796 17.2 0.2717 42.2 39.2 
3.56 375 9.52 550 356 561 63.6 17.5 0.2752 17 0.2673 41.7 38.9 
3.56 375 9.52 550 358 557 63.5 17.6 0.2772 16.9 0.2661 43.5 39.3 
4.26 450 9.52 550 429 560 63.3 21.5 0.3397 20.9 0.3302 51.2 47.8 
4.26 450 9.52 550 430 561 63.6 21.3 0.3349 20.8 0.327 50.8 47.9 
4.26 450 9.52 550 433 555 62.8 21 0.3344 20.4 0.3248 51.6 47.8 
4.96 525 9.52 550 504 561 63.3 25.3 0.3997 24.5 0.387 60.1 56.6 
4.96 525 9.52 550 503 563 63.6 24.9 0.3915 24.3 0.3821 59.1 55.6 
4.96 525 9.52 550 496 556 63.4 24.7 0.3896 23.8 0.3754 61 55.7 
5.65 600 9.52 550 559 562 63.3 28.2 0.4455 27.4 0.4329 66.8 62.7 
5.65 600 9.52 550 558 560 63.6 27.9 0.4387 27.3 0.4292 66 62.6 
5.65 600 9.52 550 560 556 63.5 28 0.4409 27.2 0.4283 68 63.5 
6.35 675 9.52 550 617 563 63.2 30.9 0.4889 30.1 0.4763 72.8 69 
6.35 675 9.52 550 614 561 63.7 30.7 0.4819 30.1 0.4725 72.4 68.8 
6.35 675 9.52 550 618 557 63.3 30.6 0.4834 29.7 0.4692 73.9 69.2 
7.05 750 9.52 550 674 561 63.3 33.9 0.5355 33 0.5213 80.1 75.7 
7.05 750 9.52 550 673 561 63.7 33.6 0.5275 32.8 0.5149 78.9 75 
7.05 750 9.52 550 681 556 63.2 33.5 0.5301 32.9 0.5206 80.1 76.3 
7.75 825 9.52 550 750 562 63.7 37.6 0.5903 36.5 0.573 89.4 83.6 
7.75 825 9.52 550 753 562 64.1 37.4 0.5835 36.9 0.5757 88.8 84.8 
7.75 825 9.52 550 748 556 63.2 36.6 0.5791 358.9 5.6788 87.6 83.4 
8.45 900 9.52 550 849 562 63.9 42 0.6573 41 0.6416 99.5 93.9 
8.45 900 9.52 550 840 561 64.5 41.4 0.6419 41 0.6357 97.8 94.1 
8.45 900 9.52 550 830 557 63.5 40.4 0.6362 39.7 0.6252 96.4 91.8 
0.76 75 9.94 575 68.6 593 64.5 2.27 0.0352 2.21 0.0343 6.88 4.78 
0.76 75 9.94 575 68.3 593 64.9 2.18 0.0336 2.2 0.0339 6.74 4.66 
0.76 75 9.94 575 68.2 594 64.5 2.24 0.0347 2.21 0.0343 6.98 4.8 
1.46 150 9.94 575 132 588 64.6 5.62 0.087 5.4 0.0836 15 12 
1.46 150 9.94 575 132 593 64.9 5.42 0.0835 5.31 0.0818 14.6 11.7 
1.46 150 9.94 575 132 592 64.5 5.58 0.0865 5.35 0.0829 15 12 
2.16 225 9.94 575 196 593 64.7 8.79 0.1359 8.41 0.13 22.9 19.1 
2.16 225 9.94 575 195 590 64.8 8.66 0.1336 8.36 0.129 22.4 19 
2.16 225 9.94 575 195 588 64.7 8.93 0.138 8.44 0.1304 23 19.2 
2.86 300 9.94 575 266 591 64.9 12.4 0.1911 11.9 0.1834 31.5 27.3 
2.86 300 9.94 575 266 593 64.9 12.2 0.188 11.8 0.1818 30.8 27 
2.86 300 9.94 575 266 589 64.8 12.5 0.1929 11.9 0.1836 31.8 27.3 
3.56 375 9.94 575 350 592 64.6 16.9 0.2616 16.1 0.2492 41.8 36.9 
3.56 375 9.94 575 359 588 64.7 17.1 0.2643 16.5 0.255 42.4 38.2 
3.56 375 9.94 575 349 587 64.6 17 0.2632 16.2 0.2508 42.2 37.1 
4.26 450 9.94 575 427 588 64.7 21 0.3246 20 0.3091 51.3 45.9 
4.26 450 9.94 575 429 587 64.7 20.7 0.3199 20 0.3091 50.6 45.9 
4.26 450 9.94 575 428 594 64.6 20.7 0.3204 19.9 0.308 50.7 45.6 
4.96 525 9.94 575 500 587 64.7 24.7 0.3818 23.7 0.3663 59.8 54.3 
4.96 525 9.94 575 500 588 64.9 24.4 0.376 23.6 0.3636 59.1 54.3 
 150 
4.96 525 9.94 575 497 587 64.9 24.4 0.376 23.6 0.3636 59 54.2 
5.65 600 9.94 575 560 588 64.8 27.6 0.4259 26.6 0.4105 66.4 61 
5.65 600 9.94 575 559 587 64.9 27.5 0.4237 26.7 0.4114 66.2 61.4 
5.65 600 9.94 575 563 589 64.7 27.7 0.4281 26.6 0.4111 66.5 61 
6.35 675 9.94 575 617 587 64.7 30.4 0.4699 29.5 0.456 73 67.6 
6.35 675 9.94 575 619 589 64.9 30.2 0.4653 29.4 0.453 72.6 67.6 
6.35 675 9.94 575 618 588 64.8 30.4 0.4691 29.4 0.4537 72.9 67.5 
7.05 750 9.94 575 680 588 64.6 33.4 0.517 32.3 0.5 79.6 74 
7.05 750 9.94 575 679 587 64.8 33 0.5093 32.2 0.4969 78.6 73.9 
7.05 750 9.94 575 680 588 64.7 33.3 0.5147 32.2 0.4977 79.3 73.8 
7.75 825 9.94 575 746 590 64.6 36.2 0.5604 35.1 0.5433 86.1 80.4 
7.75 825 9.94 575 745 588 64.7 35.9 0.5549 35.2 0.544 85.5 81 
7.75 825 9.94 575 746 588 64.6 36.3 0.5619 35.3 0.5464 86.4 80.9 
8.45 900 9.94 575 817 589 64.4 39.4 0.6118 38.3 0.5947 93.4 87.8 
8.45 900 9.94 575 822 588 64.4 39 0.6056 38.4 0.5963 92.6 88.2 
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Figure I22. Spreadsheet Snapshot for Tustin Transform Analysis  









































Figure I24. Spreadsheet Snapshot for Tustin Transform Analysis 









































Figure I26. Spreadsheet Snapshot for Tustin Transform Analysis 









































Figure I28. Spreadsheet Snapshot for Tustin Transform Analysis 










































Figure I30. Spreadsheet Snapshot for Tustin Transform Analysis 







































Figure I32. Spreadsheet Snapshot for Tustin Transform Analysis 





































Figure I34. Spreadsheet Snapshot for Tustin Transform Analysis 






































Figure I36. Spreadsheet Snapshot for Tustin Transform Analysis 










































Figure I38. Spreadsheet Snapshot for Tustin Transform Analysis 









































Figure I40. Spreadsheet Snapshot for Tustin Transform Analysis 










































Figure I42. Spreadsheet Snapshot for Tustin Transform Analysis 











Figure I43. Spreadsheet Snapshot for Developing the D.C. Servo Motor Voltage Input 
Profile for a Pressure of 150 kPa 
 
 
Figure I44. Spreadsheet Snapshot for Developing the D.C. Servo Motor Voltage Input 
Profile for a Pressure of 200 kPa 
 
 
Figure I45. Spreadsheet Snapshot for Developing the D.C. Servo Motor Voltage Input 
Profile for a Pressure of 250 kPa 
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Figure I46. Spreadsheet Snapshot for Developing the D.C. Servo Motor Voltage Input 
Profile for a Pressure of 275 kPa 
 
 
Figure I47. Spreadsheet Snapshot for Developing the D.C. Servo Motor Voltage Input 
Profile for a Pressure of 300 kPa 
 
 
Figure I48. Spreadsheet Snapshot for Developing the D.C. Servo Motor Voltage Input 
Profile for a Pressure of 350 kPa 
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Figure I49. Spreadsheet Snapshot for Developing the D.C. Servo Motor Voltage Input 
Profile for a Pressure of 400 kPa 
 
 
Figure I50. Spreadsheet Snapshot for Developing the D.C. Servo Motor Voltage Input 
Profile for a Pressure of 450 kPa 
 
 
Figure I51. Spreadsheet Snapshot for Developing the D.C. Servo Motor Voltage Input 





Figure I52. Spreadsheet Snapshot for Developing the D.C. Servo Motor Voltage Input 




Figure I53. Spreadsheet Snapshot for Developing the D.C. Servo Motor Voltage Input 
















Table I4. Voltage Input Profile for Isokinetic Displacement Task (150 kPa) 
Time y(t) x(t) Voltage 
t-2 0 0 0 
t-1 0 0 0 
0 0 0 0 
0.2 0.001 0.001484438 0.122178 
0.4 0.002 0.00199928 0.194267 
0.6 0.003 0.003485158 0.406548 
0.8 0.004 0.00399856 0.481431 
1 0.005 0.005485878 0.703164 
1.2 0.006 0.00599784 0.781233 
1.4 0.007 0.007486598 1.013761 
1.6 0.008 0.00799712 1.095505 
1.8 0.009 0.009487318 1.340523 
2 0.01 0.009996401 1.426568 
2.2 0.011 0.011488037 1.686274 
2.4 0.012 0.011995681 1.777443 
2.6 0.013 0.013488757 2.054765 
2.8 0.014 0.013994961 2.152177 
3 0.015 0.015489477 2.451181 
3.2 0.016 0.015994241 2.556423 
3.4 0.017 0.017490197 2.883032 
3.6 0.018 0.017993521 2.998494 
3.8 0.019 0.019490917 3.361959 
4 0.02 0.019992801 3.491536 
4.2 0.021 0.021491637 3.907843 
4.4 0.022 0.021992081 4.058729 
4.6 0.023 0.023492357 4.560422 
4.8 0.024 0.023991361 4.749063 





















Table I5. Voltage Input Profile for Isokinetic Displacement Task (200 kPa) 
Time y(t) x(t) Voltage 
t-2 0 0 0 
t-1 0 0 0 
0 0 0 0 
0.2 0.001 0.002103389 0.4318 
0.4 0.002 0.001998359 0.421195 
0.6 0.003 0.00410503 0.637059 
0.8 0.004 0.003996718 0.625795 
1 0.005 0.006106671 0.848649 
1.2 0.006 0.005995077 0.836676 
1.4 0.007 0.008108312 1.067195 
1.6 0.008 0.007993436 1.054452 
1.8 0.009 0.010109953 1.293431 
2 0.01 0.009991795 1.279848 
2.2 0.011 0.012111594 1.528232 
2.4 0.012 0.011990154 1.513724 
2.6 0.013 0.014113235 1.772651 
2.8 0.014 0.013988512 1.757118 
3 0.015 0.016114876 2.027977 
3.2 0.016 0.015986871 2.011294 
3.4 0.017 0.018116518 2.295815 
3.6 0.018 0.01798523 2.277826 
3.8 0.019 0.020118159 2.578206 
4 0.02 0.019983589 2.558715 
4.2 0.021 0.0221198 2.877817 
4.4 0.022 0.021981948 2.856563 
4.6 0.023 0.024121441 3.198246 
4.8 0.024 0.023980307 3.174875 





















Table I6. Voltage Input Profile for Isokinetic Displacement Task (250 kPa) 
 
Time y(t) x(t) Voltage 
t-2 0 0 0 
t-1 0 0 0 
0 0 0 0 
0.2 0.001 0.002487507 0.60739 
0.4 0.002 0.001997787 0.56238 
0.6 0.003 0.00448972 0.79418 
0.8 0.004 0.003995574 0.74766 
1 0.005 0.006491932 0.98571 
1.2 0.006 0.005993362 0.93755 
1.4 0.007 0.008494145 1.18234 
1.6 0.008 0.007991149 1.13244 
1.8 0.009 0.010496358 1.38452 
2 0.01 0.009988936 1.33273 
2.2 0.011 0.012498571 1.59274 
2.4 0.012 0.011986723 1.53891 
2.6 0.013 0.014500783 1.80757 
2.8 0.014 0.013984511 1.75151 
3 0.015 0.016502996 2.0297 
3.2 0.016 0.015982298 1.97119 
3.4 0.017 0.018505209 2.25991 
3.6 0.018 0.017980085 2.1987 
3.8 0.019 0.020507422 2.49916 
4 0.02 0.019977872 2.43495 
4.2 0.021 0.022509634 2.74861 
4.4 0.022 0.02197566 2.68101 
4.6 0.023 0.024511847 3.00968 
4.8 0.024 0.023973447 2.93824 




















Table I7. Voltage Input Profile for Isokinetic Displacement Task (300kPa) 
 
Time y(t) x(t) Voltage 
t-2 0 0 0 
t-1 0 0 0 
0 0 0 0 
0.2 0.001 0.001807252 0.656321 
0.4 0.002 0.0019988 0.67541 
0.6 0.003 0.003808452 0.857587 
0.8 0.004 0.003997599 0.876823 
1 0.005 0.005809652 1.063056 
1.2 0.006 0.005996399 1.082453 
1.4 0.007 0.007810853 1.273002 
1.6 0.008 0.007995199 1.292577 
1.8 0.009 0.009812053 1.487731 
2 0.01 0.009993998 1.507503 
2.2 0.011 0.011813253 1.707587 
2.4 0.012 0.011992798 1.727575 
2.6 0.013 0.013814454 1.932954 
2.8 0.014 0.013991598 1.953183 
3 0.015 0.015815654 2.16427 
3.2 0.016 0.015990397 2.184766 
3.4 0.017 0.017816854 2.402031 
3.6 0.018 0.017989197 2.422826 
3.8 0.019 0.019818055 2.646809 
4 0.02 0.019987997 2.667939 
4.2 0.021 0.021819255 2.899263 
4.4 0.022 0.021986796 2.920771 
4.6 0.023 0.023820455 3.160166 
4.8 0.024 0.023985596 3.182101 




















Table I8. Voltage Input Profile for Isokinetic Displacement Task (350kPa) 
Time y(t) x(t) Voltage 
t-2 0 0 0 
t-1 0 0 0 
0 0 0 0 
0.2 0.001 0.001833395 0.685412 
0.4 0.002 0.001998761 0.704028 
0.6 0.003 0.003834634 0.912292 
0.8 0.004 0.003997522 0.930914 
1 0.005 0.005835873 1.142757 
1.2 0.006 0.005996282 1.16139 
1.4 0.007 0.007837112 1.376982 
1.6 0.008 0.007995043 1.395632 
1.8 0.009 0.009838352 1.615158 
2 0.01 0.009993804 1.633831 
2.2 0.011 0.011839591 1.857492 
2.4 0.012 0.011992565 1.876193 
2.6 0.013 0.01384083 2.104208 
2.8 0.014 0.013991325 2.122946 
3 0.015 0.015842069 2.355555 
3.2 0.016 0.015990086 2.374336 
3.4 0.017 0.017843309 2.611802 
3.6 0.018 0.017988847 2.630637 
3.8 0.019 0.019844548 2.873249 
4 0.02 0.019987608 2.892146 
4.2 0.021 0.021845787 3.140225 
4.4 0.022 0.021986368 3.159196 
4.6 0.023 0.023847026 3.413096 
4.8 0.024 0.023985129 3.432154 





















Table I9. Voltage Input Profile for Isokinetic Displacement Task (400kPa) 
Time y(t) x(t) Voltage 
t-2 0 0 0 
t-1 0 0 0 
0 0 0 0 
0.2 0.001 0.001849572 0.706163 
0.4 0.002 0.001998737 0.725501 
0.6 0.003 0.003850835 0.967243 
0.8 0.004 0.003997473 0.986514 
1 0.005 0.005852099 1.231955 
1.2 0.006 0.00599621 1.251161 
1.4 0.007 0.007853362 1.500454 
1.6 0.008 0.007994947 1.519598 
1.8 0.009 0.009854625 1.772908 
2 0.01 0.009993683 1.791991 
2.2 0.011 0.011855889 2.049497 
2.4 0.012 0.01199242 2.068522 
2.6 0.013 0.013857152 2.330415 
2.8 0.014 0.013991157 2.349385 
3 0.015 0.015858415 2.615871 
3.2 0.016 0.015989893 2.63479 
3.4 0.017 0.017859679 2.906094 
3.6 0.018 0.01798863 2.924964 
3.8 0.019 0.019860942 3.201331 
4 0.02 0.019987367 3.220156 
4.2 0.021 0.021862205 3.501849 
4.4 0.022 0.021986104 3.520635 
4.6 0.023 0.023863469 3.807945 
4.8 0.024 0.02398484 3.826695 





















Table I10. Voltage Input Profile for Isokinetic Displacement Task (450kPa) 
Time y(t) x(t) Voltage 
t-2 0 0 0 
t-1 0 0 0 
0 0 0 0 
0.2 0.001 0.001906268 0.70806 
0.4 0.002 0.001998652 0.72153 
0.6 0.003 0.003907616 1.00112 
0.8 0.004 0.003997305 1.01431 
1 0.005 0.005908964 1.29673 
1.2 0.006 0.005995957 1.30964 
1.4 0.007 0.007910312 1.59496 
1.6 0.008 0.007994609 1.60758 
1.8 0.009 0.009911659 1.89587 
2 0.01 0.009993262 1.9082 
2.2 0.011 0.011913007 2.19954 
2.4 0.012 0.011991914 2.21157 
2.6 0.013 0.013914355 2.50606 
2.8 0.014 0.013990566 2.51778 
3 0.015 0.015915702 2.81549 
3.2 0.016 0.015989218 2.82691 
3.4 0.017 0.01791705 3.12792 
3.6 0.018 0.017987871 3.13903 
3.8 0.019 0.019918398 3.44345 
4 0.02 0.019986523 3.45424 
4.2 0.021 0.021919745 3.76216 
4.4 0.022 0.021985175 3.77264 
4.6 0.023 0.023921093 4.08416 
4.8 0.024 0.023983828 4.09431 





















Table I11. Voltage Input Profile for Isokinetic Displacement Task (500kPa) 
Time y(t) x(t) Voltage 
t-2 0 0 0 
t-1 0 0 0 
0 0 0 0 
0.2 0.001 0.00198528 0.75269 
0.4 0.002 0.001998535 0.75484 
0.6 0.003 0.003986745 1.0799 
0.8 0.004 0.003997069 1.0816 
1 0.005 0.00598821 1.41067 
1.2 0.006 0.005995604 1.4119 
1.4 0.007 0.007989675 1.74511 
1.6 0.008 0.007994139 1.74586 
1.8 0.009 0.009991141 2.08336 
2 0.01 0.009992674 2.08362 
2.2 0.011 0.011992606 2.42554 
2.4 0.012 0.011991208 2.4253 
2.6 0.013 0.013994071 2.7718 
2.8 0.014 0.013989743 2.77105 
3 0.015 0.015995537 3.12229 
3.2 0.016 0.015988278 3.12101 
3.4 0.017 0.017997002 3.47715 
3.6 0.018 0.017986812 3.47533 
3.8 0.019 0.019998467 3.83657 
4 0.02 0.019985347 3.8342 
4.2 0.021 0.021999932 4.20072 
4.4 0.022 0.021983882 4.19778 
4.6 0.023 0.024001398 4.56979 
4.8 0.024 0.023982417 4.56627 





















Table I12. Voltage Input Profile for Isokinetic Displacement Task (550kPa) 
Time y(t) x(t) Voltage 
t-2 0 0 0 
t-1 0 0 0 
0 0 0 0 
0.2 0.001 0.0020749 0.7848 
0.4 0.002 0.001998401 0.77152 
0.6 0.003 0.004076498 1.13429 
0.8 0.004 0.003996803 1.1203 
1 0.005 0.006078097 1.48768 
1.2 0.006 0.005995204 1.47296 
1.4 0.007 0.008079696 1.8451 
1.6 0.008 0.007993605 1.82964 
1.8 0.009 0.010081294 2.2067 
2 0.01 0.009992007 2.19048 
2.2 0.011 0.012082893 2.57264 
2.4 0.012 0.011990408 2.55563 
2.6 0.013 0.014084492 2.94306 
2.8 0.014 0.013988809 2.92524 
3 0.015 0.01608609 3.31813 
3.2 0.016 0.015987211 3.29949 
3.4 0.017 0.018087689 3.69805 
3.6 0.018 0.017985612 3.67855 
3.8 0.019 0.020089288 4.08299 
4 0.02 0.019984013 4.06262 
4.2 0.021 0.022090886 4.47317 
4.4 0.022 0.021982415 4.45189 
4.6 0.023 0.024092485 4.86881 
4.8 0.024 0.023980816 4.84659 





















Table I13. Voltage Input Profile for Isokinetic Rotation Task (275 kPa) 
 
Time y(t) x(t) Voltage 
t-2 0 0 0 
t-1 0 0 0 
0 0 0 0 
0.2 0.0018 0.003013379 0.76915 
0.4 0.0036 0.003598196 0.82515 
0.6 0.0054 0.006615183 1.11998 
0.8 0.0072 0.007196392 1.17798 
1 0.009 0.010216987 1.48616 
1.2 0.0108 0.010794588 1.54645 
1.4 0.0126 0.013818791 1.86988 
1.6 0.0144 0.014392784 1.93283 
1.8 0.0162 0.017420595 2.27396 
2 0.018 0.017990981 2.34004 
2.2 0.0198 0.021022399 2.70201 
2.4 0.0216 0.021589177 2.77185 
2.6 0.0234 0.024624203 3.15889 
2.8 0.0252 0.025187373 3.23334 
3 0.027 0.028226007 3.65135 
3.2 0.0288 0.028785569 3.73163 
3.4 0.0306 0.03182781 4.18929 
3.6 0.0324 0.032383765 4.27726 
3.8 0.0342 0.035429614 4.78824 
4 0.036 0.035981961 4.88697 
4.2 0.0378 0.039031418 5.47537 
4.4 0.0396 0.039580157 5.59064 
4.6 0.0414 0.042633222 6.3071 
4.8 0.0432 0.043178353 6.45269 
5 0.045 0.046235026 7.45265 
5.2 0.045 0.04376317 6.61705 
5.4 0.045 0.046238634 7.45412 
5.6 0.045 0.043759562 6.61601 
5.8 0.045 0.046242241 7.45559 
6 0.045 0.043755955 6.61497 
6.2 0.045 0.046245849 7.45706 
6.4 0.045 0.043752347 6.61393 
6.6 0.045 0.046249457 7.45854 
6.8 0.045 0.043748739 6.61288 
7 0.045 0.046253065 7.46001 
7.2 0.045 0.043745131 6.61184 
7.4 0.045 0.046256673 7.46148 
7.6 0.045 0.043741524 6.6108 
7.8 0.045 0.04626028 7.46296 
8 0.045 0.043737916 6.60976 
8.2 0.045 0.046263888 7.46444 
8.4 0.045 0.043734308 6.60872 
8.6 0.045 0.046267496 7.46591 
8.8 0.045 0.0437307 6.60768 
 182 
9 0.045 0.046271104 7.46739 
9.2 0.045 0.043727092 6.60664 
9.4 0.045 0.046274711 7.46887 
9.6 0.045 0.043723485 6.6056 
9.8 0.045 0.046278319 7.47035 
10 0.045 0.043719877 6.60457 
10.2 0.0432 0.043268548 6.47746 
10.4 0.0414 0.040118073 5.70704 
10.6 0.0396 0.039670352 5.60992 
10.8 0.0378 0.036516269 4.98452 
11 0.036 0.036072155 4.90329 
11.2 0.0342 0.032914465 4.36263 
11.4 0.0324 0.032473959 4.29167 
11.6 0.0306 0.029312661 3.80829 
11.8 0.0288 0.028875763 3.74468 
12 0.027 0.025710857 3.30334 
12.2 0.0252 0.025277567 3.24534 
12.4 0.0234 0.022109054 2.83655 
12.6 0.0216 0.021679371 2.78303 
12.8 0.0198 0.01850725 2.40038 
13 0.018 0.018081175 2.35054 
13.2 0.0162 0.014905446 1.9895 
13.4 0.0144 0.014482979 1.94277 
13.6 0.0126 0.011303642 1.59996 
13.8 0.0108 0.010884783 1.5559 
14 0.009 0.007701838 1.22875 
14.2 0.0072 0.007286587 1.18702 
14.4 0.0054 0.004100034 0.87349 
14.6 0.0036 0.00368839 0.83382 
14.8 0.0018 0.00049823 0.5323 
15 
-1.5E-



















Table I14. Voltage Input Profile for Isokinetic Rotation Task (300 kPa) 
 
Time y(t) x(t) Voltage 
t-2 0 0 0 
t-1 0 0 0 
0 0 0 0 
0.2 0.0018 0.003253053 0.80132 
0.4 0.0036 0.003597839 0.83621 
0.6 0.0054 0.006855214 1.17217 
0.8 0.0072 0.007195679 1.20797 
1 0.009 0.010457374 1.55805 
1.2 0.0108 0.010793518 1.59489 
1.4 0.0126 0.014059535 1.96095 
1.6 0.0144 0.014391358 1.99901 
1.8 0.0162 0.017661695 2.38335 
2 0.018 0.017989197 2.42283 
2.2 0.0198 0.021263856 2.82839 
2.4 0.0216 0.021587036 2.86955 
2.6 0.0234 0.024866017 3.30014 
2.8 0.0252 0.025184876 3.34335 
3 0.027 0.028468177 3.80408 
3.2 0.0288 0.028782715 3.84985 
3.4 0.0306 0.032070338 4.34789 
3.6 0.0324 0.032380555 4.39691 
3.8 0.0342 0.035672498 4.94283 
4 0.036 0.035978394 4.99621 
4.2 0.0378 0.039274659 5.6068 
4.4 0.0396 0.039576233 5.66636 
4.6 0.0414 0.042876819 6.37145 
4.8 0.0432 0.043174073 6.44067 
5 0.045 0.04647898 7.30411 
5.2 0.045 0.043518859 6.52241 
5.4 0.045 0.046483301 7.30539 
5.6 0.045 0.043514538 6.52137 
5.8 0.045 0.046487622 7.30666 
6 0.045 0.043510217 6.52034 
6.2 0.045 0.046491944 7.30793 
6.4 0.045 0.043505896 6.51931 
6.6 0.045 0.046496265 7.30921 
6.8 0.045 0.043501575 6.51827 
7 0.045 0.046500586 7.31048 
7.2 0.045 0.043497253 6.51724 
7.4 0.045 0.046504907 7.31176 
7.6 0.045 0.043492932 6.51621 
7.8 0.045 0.046509228 7.31303 
8 0.045 0.043488611 6.51517 
8.2 0.045 0.04651355 7.31431 
8.4 0.045 0.04348429 6.51414 
8.6 0.045 0.046517871 7.31559 
8.8 0.045 0.043479969 6.51311 
 184 
9 0.045 0.046522192 7.31686 
9.2 0.045 0.043475647 6.51208 
9.4 0.045 0.046526513 7.31814 
9.6 0.045 0.043471326 6.51104 
9.8 0.045 0.046530834 7.31942 
10 0.045 0.043467005 6.51001 
10.2 0.0432 0.043282103 6.46611 
10.4 0.0414 0.039864844 5.72403 
10.6 0.0396 0.039684263 5.68787 
10.8 0.0378 0.036262684 5.04627 
11 0.036 0.036086424 5.01518 
11.2 0.0342 0.032660523 4.44149 
11.4 0.0324 0.032488584 4.41408 
11.6 0.0306 0.029058363 3.89021 
11.8 0.0288 0.028890745 3.86564 
12 0.027 0.025456202 3.38033 
12.2 0.0252 0.025292906 3.35805 
12.4 0.0234 0.021854042 2.90372 
12.6 0.0216 0.021695066 2.88336 
12.8 0.0198 0.018251881 2.45462 
13 0.018 0.018097227 2.43589 
13.2 0.0162 0.01464972 2.02875 
13.4 0.0144 0.014499387 2.01143 
13.6 0.0126 0.01104756 1.62284 
13.8 0.0108 0.010901548 1.60677 
14 0.009 0.007445399 1.23431 
14.2 0.0072 0.007303708 1.21936 
14.4 0.0054 0.003843239 0.86112 
14.6 0.0036 0.003705869 0.84717 
14.8 0.0018 0.000241078 0.50158 
15 
-1.5E-



















Table I15. Voltage Input Profile for Isokinetic Rotation Task (350 kPa) 
 
Time y(t) x(t) Voltage 
t-2 0 0 0 
t-1 0 0 0 
0 0 0 0 
0.2 0.0018 0.00330011 0.85135 
0.4 0.0036 0.003597769 0.88526 
0.6 0.0054 0.006902341 1.2671 
0.8 0.0072 0.007195539 1.30147 
1 0.009 0.010504572 1.69536 
1.2 0.0108 0.010793308 1.73026 
1.4 0.0126 0.014106802 2.13734 
1.6 0.0144 0.014391077 2.17284 
1.8 0.0162 0.017709033 2.59445 
2 0.018 0.017988847 2.63064 
2.2 0.0198 0.021311264 3.06836 
2.4 0.0216 0.021586616 3.10533 
2.6 0.0234 0.024913494 3.56106 
2.8 0.0252 0.025184386 3.59893 
3 0.027 0.028515725 4.07499 
3.2 0.0288 0.028782155 4.11392 
3.4 0.0306 0.032117955 4.61315 
3.6 0.0324 0.032379924 4.65333 
3.8 0.0342 0.035720186 5.17934 
4 0.036 0.035977694 5.22101 
4.2 0.0378 0.039322417 5.77845 
4.4 0.0396 0.039575463 5.82193 
4.6 0.0414 0.042924647 6.41698 
4.8 0.0432 0.043173232 6.46271 
5 0.045 0.046526878 7.10394 
5.2 0.045 0.043470891 6.51778 
5.4 0.045 0.046531339 7.10483 
5.6 0.045 0.04346643 6.51695 
5.8 0.045 0.0465358 7.10572 
6 0.045 0.043461969 6.51612 
6.2 0.045 0.046540262 7.1066 
6.4 0.045 0.043457508 6.51529 
6.6 0.045 0.046544723 7.10749 
6.8 0.045 0.043453046 6.51446 
7 0.045 0.046549184 7.10837 
7.2 0.045 0.043448585 6.51364 
7.4 0.045 0.046553645 7.10926 
7.6 0.045 0.043444124 6.51281 
7.8 0.045 0.046558107 7.11015 
8 0.045 0.043439663 6.51198 
8.2 0.045 0.046562568 7.11103 
8.4 0.045 0.043435201 6.51116 
8.6 0.045 0.046567029 7.11192 
8.8 0.045 0.04343074 6.51033 
 186 
9 0.045 0.046571491 7.11281 
9.2 0.045 0.043426279 6.5095 
9.4 0.045 0.046575952 7.11369 
9.6 0.045 0.043421818 6.50867 
9.8 0.045 0.046580413 7.11458 
10 0.045 0.043417356 6.50785 
10.2 0.0432 0.043284764 6.48331 
10.4 0.0414 0.039815126 5.86329 
10.6 0.0396 0.039686995 5.84115 
10.8 0.0378 0.036212895 5.25921 
11 0.036 0.036089225 5.23911 
11.2 0.0342 0.032610664 4.68884 
11.4 0.0324 0.032491456 4.67048 
11.6 0.0306 0.029008434 4.14709 
11.8 0.0288 0.028893686 4.13026 
12 0.027 0.025406203 3.63004 
12.2 0.0252 0.025295917 3.61456 
12.4 0.0234 0.021803973 3.13459 
12.6 0.0216 0.021698148 3.12033 
12.8 0.0198 0.018201742 2.65824 
13 0.018 0.018100378 2.64509 
13.2 0.0162 0.014599511 2.19894 
13.4 0.0144 0.014502609 2.1868 
13.6 0.0126 0.010997281 1.75497 
13.8 0.0108 0.01090484 1.74377 
14 0.009 0.00739505 1.32491 
14.2 0.0072 0.00730707 1.31457 
14.4 0.0054 0.003792819 0.90752 
14.6 0.0036 0.003709301 0.89798 
14.8 0.0018 0.000190589 0.50173 
15 
-1.5E-



















Table I16. Voltage Input Profile for Isokinetic Rotation Task (400 kPa) 
 
Time y(t) x(t) Voltage 
t-2 0 0 0 
t-1 0 0 0 
0 0 0 0 
0.2 0.0018 0.00332923 0.89885 
0.4 0.0036 0.003597726 0.93403 
0.6 0.0054 0.006931504 1.37629 
0.8 0.0072 0.007195452 1.41176 
1 0.009 0.010533778 1.8663 
1.2 0.0108 0.010793178 1.9021 
1.4 0.0126 0.014136052 2.36992 
1.6 0.0144 0.014390904 2.4061 
1.8 0.0162 0.017738326 2.88836 
2 0.018 0.01798863 2.92496 
2.2 0.0198 0.0213406 3.423 
2.4 0.0216 0.021586356 3.4601 
2.6 0.0234 0.024942873 3.97547 
2.8 0.0252 0.025184082 4.01314 
3 0.027 0.028545147 4.54768 
3.2 0.0288 0.028781808 4.58601 
3.4 0.0306 0.032147421 5.14191 
3.6 0.0324 0.032379534 5.18101 
3.8 0.0342 0.035749695 5.76092 
4 0.036 0.03597726 5.80093 
4.2 0.0378 0.039351969 6.40809 
4.4 0.0396 0.039574986 6.44917 
4.6 0.0414 0.042954243 7.08765 
4.8 0.0432 0.043172712 7.13002 
5 0.045 0.046556517 7.80503 
5.2 0.045 0.043441209 7.18228 
5.4 0.045 0.046561065 7.80596 
5.6 0.045 0.043436661 7.18139 
5.8 0.045 0.046565613 7.80689 
6 0.045 0.043432113 7.18051 
6.2 0.045 0.046570161 7.80782 
6.4 0.045 0.043427565 7.17962 
6.6 0.045 0.046574709 7.80875 
6.8 0.045 0.043423017 7.17873 
7 0.045 0.046579257 7.80969 
7.2 0.045 0.043418469 7.17785 
7.4 0.045 0.046583805 7.81062 
7.6 0.045 0.043413921 7.17696 
7.8 0.045 0.046588353 7.81155 
8 0.045 0.043409373 7.17607 
8.2 0.045 0.046592901 7.81249 
8.4 0.045 0.043404825 7.17519 
8.6 0.045 0.046597449 7.81342 
8.8 0.045 0.043400277 7.1743 
 188 
9 0.045 0.046601997 7.81435 
9.2 0.045 0.043395729 7.17341 
9.4 0.045 0.046606545 7.81529 
9.6 0.045 0.043391181 7.17253 
9.8 0.045 0.046611093 7.81622 
10 0.045 0.043386634 7.17164 
10.2 0.0432 0.043286411 7.15212 
10.4 0.0414 0.03978436 6.48785 
10.6 0.0396 0.039688685 6.47016 
10.8 0.0378 0.036182086 5.83704 
11 0.036 0.036090959 5.82096 
11.2 0.0342 0.032579812 5.21484 
11.4 0.0324 0.032493233 5.20021 
11.6 0.0306 0.028977538 4.61779 
11.8 0.0288 0.028895507 4.60447 
12 0.027 0.025375264 4.04307 
12.2 0.0252 0.025297781 4.03093 
12.4 0.0234 0.02177299 3.48834 
12.6 0.0216 0.021700055 3.4773 
12.8 0.0198 0.018170716 2.95164 
13 0.018 0.018102329 2.94162 
13.2 0.0162 0.014568442 2.43134 
13.4 0.0144 0.014504603 2.42226 
13.6 0.0126 0.010966168 1.92601 
13.8 0.0108 0.010906876 1.91781 
14 0.009 0.007363894 1.43443 
14.2 0.0072 0.00730915 1.42706 
14.4 0.0054 0.00376162 0.95553 
14.6 0.0036 0.003711424 0.94894 
14.8 0.0018 0.000159346 0.48838 
15 
-1.5E-



















Table I17. Voltage Input Profile for Isokinetic Rotation Task (450 kPa) 
 
Time y(t) x(t) Voltage 
t-2 0 0 0 
t-1 0 0 0 
0 0 0 0 
0.2 0.0018 0.003431283 0.9311 
0.4 0.0036 0.003597574 0.9556 
0.6 0.0054 0.007033709 1.464 
0.8 0.0072 0.007195148 1.4881 
1 0.009 0.010636135 2.0055 
1.2 0.0108 0.010792722 2.0292 
1.4 0.0126 0.014238561 2.556 
1.6 0.0144 0.014390297 2.5794 
1.8 0.0162 0.017840987 3.116 
2 0.018 0.017987871 3.139 
2.2 0.0198 0.021443413 3.686 
2.4 0.0216 0.021585445 3.7087 
2.6 0.0234 0.025045838 4.2666 
2.8 0.0252 0.025183019 4.2889 
3 0.027 0.028648264 4.8584 
3.2 0.0288 0.028780593 4.8803 
3.4 0.0306 0.03225069 5.462 
3.6 0.0324 0.032378167 5.4836 
3.8 0.0342 0.035853116 6.0782 
4 0.036 0.035975741 6.0994 
4.2 0.0378 0.039455542 6.7079 
4.4 0.0396 0.039573316 6.7287 
4.6 0.0414 0.043057968 7.3518 
4.8 0.0432 0.04317089 7.3723 
5 0.045 0.046660394 8.0112 
5.2 0.045 0.043337181 7.4024 
5.4 0.045 0.046665245 8.0121 
5.6 0.045 0.043332329 7.4015 
5.8 0.045 0.046670097 8.013 
6 0.045 0.043327477 7.4006 
6.2 0.045 0.046674949 8.0139 
6.4 0.045 0.043322625 7.3998 
6.6 0.045 0.0466798 8.0148 
6.8 0.045 0.043317774 7.3989 
7 0.045 0.046684652 8.0157 
7.2 0.045 0.043312922 7.398 
7.4 0.045 0.046689504 8.0166 
7.6 0.045 0.04330807 7.3971 
7.8 0.045 0.046694355 8.0175 
8 0.045 0.043303219 7.3962 
8.2 0.045 0.046699207 8.0184 
8.4 0.045 0.043298367 7.3954 
8.6 0.045 0.046704059 8.0193 
8.8 0.045 0.043293515 7.3945 
 190 
9 0.045 0.046708911 8.0202 
9.2 0.045 0.043288664 7.3936 
9.4 0.045 0.046713762 8.0211 
9.6 0.045 0.043283812 7.3927 
9.8 0.045 0.046718614 8.022 
10 0.045 0.04327896 7.3918 
10.2 0.0432 0.043292182 7.3942 
10.4 0.0414 0.039676534 6.747 
10.6 0.0396 0.039694608 6.7502 
10.8 0.0378 0.036074108 6.1165 
11 0.036 0.036097034 6.1204 
11.2 0.0342 0.032471683 5.4994 
11.4 0.0324 0.03249946 5.5041 
11.6 0.0306 0.028869257 4.8951 
11.8 0.0288 0.028901886 4.9005 
12 0.027 0.025266831 4.3026 
12.2 0.0252 0.025304312 4.3087 
12.4 0.0234 0.021664405 3.7213 
12.6 0.0216 0.021706738 3.7281 
12.8 0.0198 0.018061979 3.1507 
13 0.018 0.018109163 3.1581 
13.2 0.0162 0.014459553 2.5901 
13.4 0.0144 0.014511589 2.5981 
13.6 0.0126 0.010857127 2.039 
13.8 0.0108 0.010914015 2.0476 
14 0.009 0.007254702 1.497 
14.2 0.0072 0.007316441 1.5062 
14.4 0.0054 0.003652276 0.9636 
14.6 0.0036 0.003718867 0.9734 
14.8 0.0018 4.98498E-05 0.4384 
15 
-1.5E-



















Table I18. Voltage Input Profile for Isokinetic Rotation Task (500 kPa) 
 
 
Time y(t) x(t) Voltage 
t-2 0 0 0 
t-1 0 0 0 
0 0 0 0 
0.2 0.0018 0.003573503 1.012052 
0.4 0.0036 0.003597362 1.015965 
0.6 0.0054 0.007176141 1.60872 
0.8 0.0072 0.007194725 1.611829 
1 0.009 0.010778778 2.217544 
1.2 0.0108 0.010792087 2.219817 
1.4 0.0126 0.014381416 2.839298 
1.6 0.0144 0.01438945 2.8407 
1.8 0.0162 0.017984053 3.474842 
2 0.018 0.017986812 3.475335 
2.2 0.0198 0.021586691 4.125138 
2.4 0.0216 0.021584175 4.124678 
2.6 0.0234 0.025189328 4.791261 
2.8 0.0252 0.025181537 4.789803 
3 0.027 0.028791966 5.474429 
3.2 0.0288 0.0287789 5.471919 
3.4 0.0306 0.032394603 6.17602 
3.6 0.0324 0.032376262 6.172399 
3.8 0.0342 0.035997241 6.89761 
4 0.036 0.035973625 6.892811 
4.2 0.0378 0.039599878 7.641014 
4.4 0.0396 0.039570987 7.63496 
4.6 0.0414 0.043202516 8.408338 
4.8 0.0432 0.04316835 8.400942 
5 0.045 0.046805153 9.202052 
5.2 0.045 0.043192209 8.406107 
5.4 0.045 0.046810429 9.203235 
5.6 0.045 0.043186934 8.404965 
5.8 0.045 0.046815704 9.204418 
6 0.045 0.043181659 8.403823 
6.2 0.045 0.046820979 9.205601 
6.4 0.045 0.043176384 8.402681 
6.6 0.045 0.046826254 9.206784 
6.8 0.045 0.043171109 8.401539 
7 0.045 0.046831529 9.207968 
7.2 0.045 0.043165834 8.400397 
7.4 0.045 0.046836804 9.209151 
7.6 0.045 0.043160559 8.399255 
7.8 0.045 0.046842079 9.210334 
8 0.045 0.043155284 8.398113 
8.2 0.045 0.046847354 9.211517 
8.4 0.045 0.043150009 8.396972 
8.6 0.045 0.046852629 9.212701 
 192 
8.8 0.045 0.043144734 8.39583 
9 0.045 0.046857904 9.213884 
9.2 0.045 0.043139459 8.394689 
9.4 0.045 0.046863179 9.215068 
9.6 0.045 0.043134184 8.393547 
9.8 0.045 0.046868454 9.216251 
10 0.045 0.043128908 8.392406 
10.2 0.0432 0.043300226 8.429505 
10.4 0.0414 0.039526271 7.625593 
10.6 0.0396 0.039702863 7.662606 
10.8 0.0378 0.035923633 6.882655 
11 0.036 0.036105501 6.919622 
11.2 0.0342 0.032320996 6.161491 
11.4 0.0324 0.032508138 6.198446 
11.6 0.0306 0.028718358 5.460292 
11.8 0.0288 0.028910776 5.497265 
12 0.027 0.025115721 4.777485 
12.2 0.0252 0.025313413 4.814501 
12.4 0.0234 0.021513083 4.111697 
12.6 0.0216 0.021716051 4.148775 
12.8 0.0198 0.017910446 3.461713 
13 0.018 0.018118688 3.498873 
13.2 0.0162 0.014307808 2.82646 
13.4 0.0144 0.014521326 2.863716 
13.6 0.0126 0.010705171 2.204978 
13.8 0.0108 0.010923964 2.242345 
14 0.009 0.007102533 1.59641 
14.2 0.0072 0.007326601 1.633899 
14.4 0.0054 0.003499896 0.999983 























Table I19. Voltage Input Profile for Isokinetic Rotation Task (550 kPa) 
 
Time y(t) x(t) Voltage 
t-2 0 0 0 
t-1 0 0 0 
0 0 0 0 
0.2 0.0018 0.003734819 1.07436 
0.4 0.0036 0.003597122 1.05024 
0.6 0.0054 0.007337697 1.71212 
0.8 0.0072 0.007194245 1.68648 
1 0.009 0.010940575 2.36326 
1.2 0.0108 0.010791367 2.33602 
1.4 0.0126 0.014543452 3.02864 
1.6 0.0144 0.01438849 2.99972 
1.8 0.0162 0.01814633 3.70925 
2 0.018 0.017985612 3.67855 
2.2 0.0198 0.021749207 4.40619 
2.4 0.0216 0.021582734 4.37361 
2.6 0.0234 0.025352085 5.12068 
2.8 0.0252 0.025179857 5.0861 
3 0.027 0.028954963 5.85412 
3.2 0.0288 0.028776979 5.81742 
3.4 0.0306 0.03255784 6.60812 
3.6 0.0324 0.032374102 6.56914 
3.8 0.0342 0.036160718 7.38449 
4 0.036 0.035971224 7.34306 
4.2 0.0378 0.039763595 8.18536 
4.4 0.0396 0.039568346 8.14129 
4.6 0.0414 0.043366473 9.0132 
4.8 0.0432 0.043165469 8.96625 
5 0.045 0.046969351 9.87094 
5.2 0.045 0.043027772 8.93415 
5.4 0.045 0.046975106 9.87233 
5.6 0.045 0.043022017 8.93281 
5.8 0.045 0.046980861 9.87373 
6 0.045 0.043016261 8.93147 
6.2 0.045 0.046986616 9.87513 
6.4 0.045 0.043010506 8.93013 
6.6 0.045 0.046992372 9.87652 
6.8 0.045 0.043004751 8.92879 
7 0.045 0.046998127 9.87792 
7.2 0.045 0.042998996 8.92745 
7.4 0.045 0.047003882 9.87932 
7.6 0.045 0.04299324 8.92611 
7.8 0.045 0.047009637 9.88071 
8 0.045 0.042987485 8.92477 
8.2 0.045 0.047015392 9.88211 
8.4 0.045 0.04298173 8.92342 
8.6 0.045 0.047021148 9.8835 
8.8 0.045 0.042975975 8.92208 
 194 
9 0.045 0.047026903 9.8849 
9.2 0.045 0.04297022 8.92074 
9.4 0.045 0.047032658 9.8863 
9.6 0.045 0.042964464 8.9194 
9.8 0.045 0.047038413 9.88769 
10 0.045 0.042958709 8.91806 
10.2 0.0432 0.043309349 8.99985 
10.4 0.0414 0.039355832 8.09341 
10.6 0.0396 0.039712227 8.17375 
10.8 0.0378 0.035752954 7.29543 
11 0.036 0.036115104 7.37451 
11.2 0.0342 0.032150076 6.5217 
11.4 0.0324 0.032517982 6.59966 
11.6 0.0306 0.028547199 5.77012 
11.8 0.0288 0.02892086 5.84709 
12 0.027 0.024944321 5.03889 
12.2 0.0252 0.025323737 5.11499 
12.4 0.0234 0.021341443 4.32645 
12.6 0.0216 0.021726615 4.40176 
12.8 0.0198 0.017738566 3.63143 
13 0.018 0.018129492 3.70604 
13.2 0.0162 0.014135688 2.95259 
13.4 0.0144 0.01453237 3.02657 
13.6 0.0126 0.010532811 2.28887 
13.8 0.0108 0.010935248 2.36229 
14 0.009 0.006929933 1.63929 
14.2 0.0072 0.007338125 1.7122 
14.4 0.0054 0.003327055 1.00298 


























Table I20. Voltage Input Profile for Isokinetic Rotation Task (575 kPa) 
 
Time y(t) x(t) Voltage 
t-2 0 0 0 
t-1 0 0 0 
0 0 0 0 
0.2 0.0018 0.003045123 1.007781 
0.4 0.0036 0.003598149 1.103313 
0.6 0.0054 0.006646974 1.635757 
0.8 0.0072 0.007196298 1.732757 
1 0.009 0.010248825 2.277956 
1.2 0.0108 0.010794447 2.37654 
1.4 0.0126 0.013850677 2.935388 
1.6 0.0144 0.014392595 3.035689 
1.8 0.0162 0.017452528 3.609192 
2 0.018 0.017990744 3.711361 
2.2 0.0198 0.021054379 4.300657 
2.4 0.0216 0.021588893 4.404862 
2.6 0.0234 0.02465623 5.011249 
2.8 0.0252 0.025187042 5.117685 
3 0.027 0.028258081 5.742647 
3.2 0.0288 0.028785191 5.851541 
3.4 0.0306 0.031859932 6.496794 
3.6 0.0324 0.03238334 6.608407 
3.8 0.0342 0.035461783 7.275956 
4 0.036 0.035981489 7.390597 
4.2 0.0378 0.039063634 8.0828 
4.4 0.0396 0.039579638 8.200834 
4.6 0.0414 0.042665486 8.920504 
4.8 0.0432 0.043177786 9.042373 
5 0.045 0.046267337 9.792906 
5.2 0.045 0.043730812 9.17473 
5.4 0.045 0.046271039 9.793822 
5.6 0.045 0.04372711 9.173841 
5.8 0.045 0.046274741 9.794739 
6 0.045 0.043723408 9.172952 
6.2 0.045 0.046278444 9.795655 
6.4 0.045 0.043719705 9.172063 
6.6 0.045 0.046282146 9.796571 
6.8 0.045 0.043716003 9.171175 
7 0.045 0.046285848 9.797487 
7.2 0.045 0.043712301 9.170286 
7.4 0.045 0.04628955 9.798404 
7.6 0.045 0.043708599 9.169397 
7.8 0.045 0.046293253 9.79932 
8 0.045 0.043704896 9.168509 
8.2 0.045 0.046296955 9.800236 
8.4 0.045 0.043701194 9.16762 
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8.6 0.045 0.046300657 9.801153 
8.8 0.045 0.043697492 9.166731 
9 0.045 0.046304359 9.802069 
9.2 0.045 0.04369379 9.165843 
9.4 0.045 0.046308062 9.802986 
9.6 0.045 0.043690087 9.164954 
9.8 0.045 0.046311764 9.803902 
10 0.045 0.043686385 9.164066 
10.2 0.0432 0.043270343 9.064466 
10.4 0.0414 0.040084534 8.31695 
10.6 0.0396 0.039672194 8.222074 
10.8 0.0378 0.036482683 7.501707 
11 0.036 0.036074045 7.411075 
11.2 0.0342 0.032880832 6.71499 
11.4 0.0324 0.032475896 6.6282 
11.6 0.0306 0.02927898 5.953998 
11.8 0.0288 0.028877747 5.870712 
12 0.027 0.025677129 5.216362 
12.2 0.0252 0.025279599 5.136291 
12.4 0.0234 0.022075278 4.500055 
12.6 0.0216 0.02168145 4.42295 
12.8 0.0198 0.018473427 3.803326 
13 0.018 0.018083301 3.72897 
13.2 0.0162 0.014871576 3.124654 
13.4 0.0144 0.014485152 3.052858 
13.6 0.0126 0.011269725 2.462703 
13.8 0.0108 0.010887003 2.393298 
14 0.009 0.007667874 1.816294 
14.2 0.0072 0.007288854 1.749134 
14.4 0.0054 0.004066023 1.184383 
14.6 0.0036 0.003690705 1.119333 
14.8 0.0018 0.000464171 0.566035 
15 
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